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O desenvolvimento de novos materiais sustentáveis capazes de matar por contacto os 
microorganismos presentes em águas, sem comprometer a qualidade das mesmas e a saúde do 
consumidor, é uma necessidade urgente. 
Uma biblioteca de oligómeros derivados de 2-oxazolina (OOXs) foi sintetizada utilizando dióxido 
de carbono supercrítico (scCO2) e funcionalizada com diferentes aminas ou grupo hidroxilo, como 
controlo. Os oligómeros com menor valor de concentração mínima inibitória (MIC) apresentaram 
baixa citotoxicidade, taxas de morte rápidas e actividade de largo espectro. 
A síntese em scCO2 permitiu a inserção de unidades de ácido carbâmico na extremidade da cadeia 
conferindo assim propriedades de fluorescência aos oligómeros. As OOXs terminadas com N,N-
dimetildodecilamina marcaram com sucesso S. aureus. Deste modo, OOXs antimicrobianas, 
quando em concentrações sub-inibitórias, podem ser usadas como marcadores fluorescentes azuis 
para ensaios de imagiologia. 
Os oligómeros mais promissores foram incorporados numa rede polimérica 3D composta por 
quitosano (CHT) produzida por liofilização. OOXs antimicrobianas foram fisicamente misturadas 
em diferentes proporções com CHT. O monólito enriquecido com oligo(2-bisoxazolina) 
antimicrobiana (20 % w/w, CB8020)  diminuiu 70 % a adsorção de BSA, sendo que 1 mg de 
CB8020 foi capaz de matar por contacto E. coli. Para alargar a actividade antimicrobiana contra 
a bactéria Gram-positiva S. aureus, imobilizaram-se OOXs na superfície de CHT utilizando uma 
tecnologia de plasma combinada com scCO2. Produziram-se, pela primeira vez, superfícies 
bioactivas contendo OOXs antimicrobianas. CHT-OMetOx-DDA matou > 99.999 % de S. aureus 
e E. coli após 3 minutos de contacto. Finalmente, CHT-OMetOx-DDA demonstrou ser adequado 
para purificação de água, tendo sido testado utilizando diferentes amostras de água, sem ocorrer 
lixiviação e podendo ser reutilizado durante 10 ciclos. 
Além disso, foi proposto um novo método para distinguir entre os dois mecanismos de acção de 
superfícies bioactivas: por contacto ou sistemas de libertação.    
Finalmente, foram investigados os mecanismos de acção das oligo(2-oxazolina)s antimicrobianas 
em células bacterianas. 
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The development of new, green and sustainable platforms able to kill microorganisms present in 
water, without compromising water quality and consumer’s health, is an urgent demand. 
A library of 2-oxazoline-based oligomers (OOXs) was synthesized in supercritical carbon dioxide 
(scCO2) and end-chain terminated with different amines or hydroxyl group as a control. The 
oligomers with the lowest minimum inhibitory concentration (MIC) values have shown low 
cytotoxicity, fast killing rates and broad-spectrum antimicrobial activity.  
Oligomers synthesized in scCO2 were enriched with satellite carbamic acid starting-end which 
confers light-emission properties to the oligomers. By end-capping OOXs with N,N-
dimethyldodecylamine, successful labelling of S. aureus cells was attained. Therefore, the use of 
antimicrobial OOXs, in sub-inhibitory concentrations, is promising as blue fluorescent markers 
for imaging assays. 
The promising oligomers were incorporated into a 3D polymeric network composed by chitosan 
(CHT) and produced by liophilization. Firstly, antimicrobial OOXs were physically blended in 
different ratios with CHT, where antimicrobial oligo(2-bisoxazoline)-enriched scaffolds (20 % 
w/w, CB8020) shut down 70 % of BSA adsorption and 1 mg of CB8020 was able to kill E. coli 
cells upon contact. Secondly, and to broaden scaffolds activity also against Gram-positive 
bacterium S. aureus, OOXs were grafted to the surface of CHT scaffolds using a solvent-free 
plasma technology in combination with scCO2. Bioactive surfaces containing antimicrobial 
OOXs were produced for the first time. CHT-OMetOx-DDA killed > 99.999 % of S. aureus and 
E. coli cells within 3 minutes upon contact. Moreover, this scaffold was demonstrated to be 
suitable for water purification using different water samples without leaching to the water and to 
be reusable for 10 cycles. Additionally, it was proposed a new method to distinguish between the 
two mechanisms of action of bioactive surfaces: contact-active or releasing systems.  
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Water is essential to the survival of all organisms. It composes around 70 % of human body mass 
and has an important role in several metabolic processes. The adequate access to potable water 
with acceptable levels of toxins or suspended solids as well as with the total absence of pathogen 
bacteria is still a pressing problem around the globe. Contamination by microorganisms is of great 
concern in water purification systems specially when considering drinking usage and food 
preparation in order to avoid the widespread of waterborne diseases.1 Therefore, it is essential to 
become conscious that drinking water treatment has now become an important issue and 
alternative technologies need to be developed.  
The need to search for new materials and devices for water purification to overcome waterborne 
diseases, a foremost public health problem, is fully justified and represents a challenging research 
area. Therefore, this PhD project main goal is to develop and design new antimicrobial solutions 
able to improve human health by taking advantage of the unique properties of supercritical carbon 
dioxide as a processing solvent in the synthesis of these materials and of plasma technique as a 
process to modify surfaces homogeneously. The use of green technologies in this work will, 
undoubtedly, lead to a more environmental-friendly process.  
 
1.2. Water Treatment 
Water is commonly polluted with both chemical and biological contaminants (such as solids and 
certain bacterial species). The contaminants can be completely removed by a sequence of steps: 
coagulation–flocculation, filtration and disinfection.2 In recent years, treatment of drinking water 
has become increasingly difficult due to limitations of ordinary water treatment processes – 
particularly, pathogen removal efficiency is affected by water conditions (such as turbidity, pH 
and temperature) or changes in water quality (pathogen type or concentration) and can often lead 
to the presence of disinfection resistant pathogens which could represent a pressing health 
hazard.3  
In water treatment processes, the use of chlorine or water-soluble disinfectants is extremely 
common.4 However, these approaches often lead to residual accumulation of toxic agents that will 
become concentrated in the environment (potentially carcinogenic disinfection by-products have 
been identified and associated with the chlorination of drinking water5) and later bring serious 
environmental consequences. To overcome this problem, the use of insoluble disinfectants can be 
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a suitable option that will not release any reactive agents to the bulk phase to be disinfected. 
Polymeric disinfectants are ideal for this application due to the versatility of their synthetic routes 
and ability to be easily produced in insoluble form.4  
Other conventional water treatment systems, like advanced membrane filtration techniques (e.g. 
microfiltration, ultrafiltration, nanofiltration and reverse osmosis)2 exhibit superior performance 
in treatment and removal of contaminants, although their use is still limited due to high 
operational requirements and costs.6 Drinking water with highest quality standards can be, in fact, 
produced by advanced membrane filtration but for applications such as water treatment in 
distribution systems it is not guaranteed that the same potability standard is maintained before it 
reaches the consumer and the quality of treated water becomes highly questionable. Furthermore, 
the efficient removal of pathogenic bacteria is affected by water fouling potential and membrane 
integrity that could result in the leakage of pathogens in permeate water suggesting that membrane 
techniques still need to be improved.3,7–9 
 
1.3. Water Treatment: Conventional and Alternative Processes 
Reports comprising membrane techniques for water treatment significantly increased for the last 
decade.10 The possibility to have biodegradable antimicrobial (AM) membranes is economically 
appealing when considering disposable elements for water purification. Porous membranes are 
often prepared by the wet phase inversion method, process that involves the use of organic 
solvents.11 These solvents need afterwards to be removed from the membrane through an 
expensive process of purification in order to assure that it meets the required standards for the 
envisaged application. 
More recently, supercritical carbon dioxide (scCO2) has been investigated to induce phase 
separation of the polymer solution and has been successfully utilised in the production of 
membranes composed of different synthetic and natural polymers.12,13 The use of scCO2 has 
numerous advantages in membrane processing:  it is not toxic, is cheap, can dry the polymeric 
membrane rapidly and totally, improves mass transfer and reduces solvent recovery costs and 
membrane morphology can be controlled by manipulating the pressure, temperature and 
depressurization rate.14  
Alternatively, polymeric 3D structures with high porosity (the so-called scaffolds) can also 
represent a good alternative to the use of membranes as they have high permeability values and 
less fouling-associated problems. Scaffolds can be produced by lyophilisation of a polymeric 
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casting solution, where the commonly used organic solvent can be replaced by a green solvent 
(such as water). Herein, the focus of the work will be in polymeric 3D structures produced by 
lyophilisation.  
 
1.4. Supercritical Carbon Dioxide  
Supercritical fluids (SCF) have been investigated continuously in the last years to exploit their 
interesting physical properties in several areas of application.  
The definition of a supercritical fluid usually begins with a phase diagram, which defines the 
critical temperature and pressure of a substance. For a pure substance, the critical point marks the 
end of the vapour-liquid coexistence curve. Above that critical point (with defined temperature 
and pressure), neither liquid or gas phases exist; instead, a poorly defined phase, known as a 
supercritical region, occurs. Then, a homogeneous and opalescent system without a phase 
separation takes place. Such fluids have the gas-like characteristic of compressibility, diffusivity 
and low viscosity, and the liquid-like characteristic of high density and solubilization power. 
Fascinatingly, the SCF characteristics can be tuned by simply changing the pressure or 
temperature, which is a great advantage in several processes.15,16 
All pure substances become SCF above their respective critical points. However, the need to use 
high values of temperature and pressure to overpass the critical point can be an economical 
limitation in some processes. Therefore, the correct choice of what SCF should be used is of 
particular importance. 
In particular, supercritical CO2 (scCO2) is the supercritical fluid more frequently used and is 
promoted as a green solvent with many advantages over conventional ones. scCO2 is a non-
flamable, non-toxic, chemically inert, readily accessible solvent and can be removed from a 
system by simple depressurization. In addition, its physical properties can be tuned by 
manipulation of the temperature and pressure.17,18 
Supercritical carbon dioxide can be applied in different processes, such as the already mentioned 
phase inversion method for membrane production, but also as a solvent for polymerizations.  
ScCO2 has been receiving increasing attention as a reaction medium in alternative to common 
and environmentally unattractive organic solvents. Although carbon dioxide is a greenhouse gas, 
it is an abundant material in the environment and can be extracted from the atmosphere, be used 
as an alternative solvent and later released again to the environment, completely clean from any 
chemicals used in the process. However, commercial CO2 later on employed in a process is 
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usually not captured from the atmosphere, but in fact obtained as a byproduct of the commercial 
ammonia process. By this reason, this process can be considered as a process that prevents 
pollution once it avoids the emission of CO2 to the atmosphere.19 
1.4.1. Polymerization and polymer processing in scCO2 
Supercritical carbon dioxide and its distinctive properties allowed it to emerge as the most 
extensively studied supercritical fluid for polymerization reactions. scCO2 have a great potential 
in polymer processing, providing some key advantages when compared to the conventional 
methods. Although there are significant costs associated with polymer processing under high 
pressures, the advantages of this type of polymerization add significant value to the final 
processed products.15 As CO2 is a gas at atmospheric conditions, the solvent can be simply 
separated from the reactional media. Additionally, polymerization reactions performed in scCO2 
have enhanced mass transfer rates due to high diffusivities and low viscosity of this SCF which 
significantly increase the yield and selectivity of a large range of chemical processes.15  
Another advantage is the “solvent-free” nature of scCO2 that makes it an ideal choice for the 
processing of pharmaceutical and biomedical materials, as these areas are under a strong control 
over product integrity and presence of harmful solvent residues. Moreover, and as industries are 
becoming increasingly more aware of environmental issues, research on scCO2 field has 
intensified in the last years.18 
Carbon dioxide is also a excelent solvent for most non-polar and some polar molecules of low 
molar mass but it is a poor solvent for most high molar mass polymers under mild conditions 
(<100 °C, <350 bar), being fluoropolymers and silicones the only polymers that show good 
solubility in supercritical CO2.20 This fact generally permits the precipitation of the polymer in 
high pressure reactor. Consequently, polymers can be isolated from the reaction media by simple 
depressurization (with removal of unreacted monomer and catalyst), resulting in a dry clean 
product.20 This feature corresponds to a potential cost and energy saving in polymer 
manufacturing since it decreases the energy used and eliminates purification steps (drying and 
purification) required to remove the solvent.20  
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1.4.2. Classification of polymerization reactions 
Polymerizations can be classified as chain growth and step-growth polymerizations. The main 
types of chain-growth polymerization include free-radical, cationic, anionic, and metal-catalyzed 
reactions. The majority of polymerizations in scCO2 are focused on free-radical polymerizations, 
but there are a number of reports in the areas of cationic and metal-catalyzed reactions.20,21  
In this work, it was used a chain growth polymerization through a cationic ring opening 
mechanism and, for that reason, this is the type in focus here. 
Cationic polymerizations are a challenging area in polymer science.22 Living cationic 
polymerization methods have been developed in order to produce polymers with a high control 
of molecular weight, molecular weight distribution, reactivity and end group functionalization by 
stabilization of the active carbocation through nucleophilic interactions. This stabilization is 
generally achieved by association of a nucleophilic counterion or with a Lewis base since it avoid 
side reactions.23 
 
1.5. Oxazoline-Based Polymers 
Among the alternative polymers for drug conjugation, oxazoline-based polymers are recognized 
as the most promising PEG substitutes, in particular, poly(2-methyl-2-oxazoline) (PMeOx) and 
poly(2-ethyl-2-oxazoline) (PEtOx) because of their demonstrated low toxicity, immunogenicity 
[56], biodegradability and water solubility. Their interesting characteristics, versatility and ability 
to form functional materials,  turns this class of polymer  interesting candidates for use in a large 
number of applications, such as smart materials, membrane structures, drug carriers, synthetic 
vectors for DNA or RNA delivery and  antimicrobial agents.24  
POXs are obtained through a cationic ring opening polymerization (CROP). The polymerization 
starts with a nucleophilic attack of the lone pair of the nitrogen of the 2-oxazoline ring onto an 
activated 2-oxazoline monomer (oxazolinium species formed by coordination of the 2-oxazoline 
monomer with the initiator). The nucleophilic attack of the second monomer unit onto the formed 
oxazolinium species leads to the ring opening by cleavage of the C–O bond. Due to the absence 
of chain-transfer or termination reactions under the appropriate conditions, the polymerization 
occurs in a living manner until all monomer is consumed or an end-capping agent is added.25 
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This challenging but also versatile type of polymerization allows the tuning of final polymer 
properties (such as hydrophilic, hydrophobic, fluorophilic) as it enables copolymerization with a 
variety of monomers and polymer chain end-capping. When the reaction is performed in scCO2, 
oligo-oxazolines (OOXs) are obtained.23 The schematic synthesis of OOXs and their structure are 
shown in Figure 1A. The structure of PEG is also shown for comparison (Figure 1B). 
 
Figure 1.1 - Synthesis of oligo-oxazolines in supercritical carbon dioxide (A), and comparison of its 
molecular structure with poly(ethylene glycol) (PEG) (B).  
 
However, 2-oxazoline-based polymers have not yet found widespread commercial application 
due, in part, to their polymerization times ranges (reactions times can vary from several hours to 
several days).24 This disadvantage can be overcome with the use of supercritical fluid or 
microwave technologies. These alternative methods lead to less side reactions and maintain the 
living character of the reaction, using a higher temperature and pressure. 
 
The synthesis of these polymers using conventional solvents,26 microwave-assisted27,28 or green 
scCO2-assisted methodologies23 has been previously described. 
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1.5.1. Conventional synthesis of 2-oxazoline-based polymers  
Conventional polymerization of 2-substituted-2-oxazoline has been widely described in the 
literature. In a typical procedure, a solution containing 2-substituted-2-oxazoline in acetonitrile 
and the initiator methyl p-toluenesulfonate (MeOTs) is heated at 60 ºC with stirring. The 
polyoxazoline is obtained as white powder, after purification by precipitating again in diethyl 
ether and drying under vacuum.26 
It is important to develop green alternatives to this process of synthesis mainly to reduce reaction 
time, avoid the use of organic solvents and purification steps. 
 
1.5.2. Microwave-assisted synthesis of 2-oxazoline-based polymers 
In the last decade, microwave irradiation has been developed to provide an effective alternative 
energy source for conventional reactions and processes, leading to an exponential increase of 
publications in this area.  
Microwaves are electromagnetic radiation with frequencies between 300 GHz and 300 MHz (with 
a wavelength in the range of 1 mm to 1 m) and have been widely used in heating materials for 
industrial and domestic purposes.28 Microwave irradiation, considered an environmentally-friend 
process, offers some advantages over conventional heating, such as instantaneous and rapid bulk 
heating, direct heating, high temperature homogeneity and energy saving. This technology can 
provide an improvement in reaction rate, yield and selectivity of a certain process and it is 
nowadays widely used in polymerizations and polymer processing. Microwave irradiation is then 
a fast and effective method for polymerization, being with no doubt an alternative methodology.27 
This type of polymerization can be used to obtain polymers with a higher molecular weight, when 
compared to the supercritical technology, maintaining the living character of the reaction as well 
as the possibility of further functionalization. 
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1.5.3. Synthesis of 2-oxazoline-based polymers in scCO2 
The synthesis of 2-substituted-2-oxazolines in scCO2 was already described in literature for three 
different monomers using boron trifluoride etherate (BF3.OEt2) as initiator. The effect of 
temperature, pressure and initial monomer/initiator molar ratio on the yield, average molecular 
weight and polydispersity of the synthesized polymers was also investigated. With this procedure 
it was obtained low molecular weight polymers in high yield (over 80 %) with narrow molecular 
weight distribution. 2-Methyl- and 2-ethyl-2-oxazolines oligomers were found to be water soluble 
while poly(2-phenyl-2-oxazoline) is only soluble in organic solvents.23 This synthetic method was 
the one used throughout this project.  
 
1.5.4. Comparison between classic and alternative methods for the synthesis of 2-
oxazoline-based polymers 
The different synthetic methods used to synthesize oligo(2-oxazoline) are compared in 
Table 1.1.  
 
Table 1.1 - Synthesis of oxazoline-based polymers: classic methods versus supercritical CO2  
Method Advantages Disadvantages Ref. 
Conventional  
       
Easy to reproduce. Use of organic solvents. 
Several purification steps. 






Fast reactions (minutes). 
High purity and yield. 
 
Use of organic solvents. 
Several purification steps. 
High energy consumption 





Supercritical CO2  
        
 
Low molecular weight 
polymers. 
Low polydispersity.  
High purity and yield 
with less purification 














From Table 1.1 we can easily conclude that the supercritical CO2 route is not only a viable 
alternative, but brings also additional advantages to the polymerization process. A particular 
feature observed for OOXs synthesized in scCO2 is their intrinsic blue fluorescence, which is 
achieved by a carbamic acid insertion at the oligomer starting end during polymerization (Figure 
1.2 - Blue emission of a carbamic acid oligo(2-methyl-2-oxazoline) synthesized by a cationic 
ring-opening polymerization in supercritical carbon dioxide.Figure 1.2 and chapter 2). This is 
contrary to the common assumption that CO2 was inert in this type of polymerization.29 
No matter which route is followed reported results demonstrate that OOXs and POXs can be 
prepared with different architectures and end-capped with selected functional groups for adequate 
functionalization.30  
 
Figure 1.2 - Blue emission of a carbamic acid oligo(2-methyl-2-oxazoline) synthesized by a cationic ring-
opening polymerization in supercritical carbon dioxide.29 
 
1.6. Functionalized Polymers as Novel Antimicrobial Strategies  
Microbial infections in humans and materials represent a critical health problem and economical 
challenge in modern society, aggravated by the appearance of new antibiotic resistant bacterial 
strains. Several approaches have been pointed out in the last years to control and ideally eradicate 
this problem, namely trough chemical disinfection or through the use of materials with 
antimicrobial properties.31 The most common solution, chemical disinfection, is usually 
accomplished by the use of disinfectants that ultimately lead to environmental pollution and could 
also trigger the development of bacterial resistant strains. Antimicrobial polymers have been 
considered a new class of disinfectants, which have been recognised even as alternative 
antibiotics. The first polymer disinfectant that became commercially available was 
poly(hexamethylene biguanidinium hydrochloride), thoroughly investigated by Ikeda et al..32  
Chapter 1   
12 
 
Antimicrobial polymers widen up a whole new range of therapeutic solutions enabling the tuning 
of different properties by combining different polymer backbones and functionalities.4 
Interestingly, antimicrobial polymers can be used to modify surfaces, without losing their 
biological activity, which enables the design of surfaces that kill microbes without releasing 
biocides, solving numerous contaminations mainly in health care facilities.31,33 In 1965, Cornell 
and Dunraruma reported, for the first time, antimicrobial polymers and copolymers based on 2-
methacryloxytroponones.34 Since then, different polymeric structures with antimicrobial 
properties have been reported in literature and the number of publications in this topic per year is 
growing fast. Just in the last decade, according to Web of Science, the number of publications has 
tripled. 
 
Figure 1.3- Number of publications per year (2000-2014) related to topic “antimicrobial polymer” (WEB 
Knowledge Thomson Reuters®).  
 
Several studies have been reported towards the development of an ideal antimicrobial polymer. 
For that, some basic requirements should be taken in consideration: i) easy and inexpensive 
synthesis; ii) stability during usage and storage at the conditions of its intended application, do 
not lead to emission or generation of toxic products upon degradation; iii) biocompatibility; iv) 
easy recovery of activity, if lost; v) active against a broad spectrum of pathogenic microorganisms 
in brief times of contact.  
Known antimicrobial polymers are commonly classified in three distinct groups depending on the 
mechanism of action of each one (Figure 4).31 




Figure 1.4 - Types of antimicrobial polymers: (A) biocidal polymers – the antimicrobial molecule is 
attached to the polymer; (B) polymeric biocides – the repeating unit in polymer backbone is a biocide; (C) 
biocide-releasing polymers – polymer act as a carrier that release the antimicrobial molecules. 
  
Polymeric biocides are expected to be less active than their corresponding analogues to steric 
hindrance while biocide-releasing polymers could trigger the development of bacterial resistance 
and/or contamination of the surroundings. In contrast, biocidal polymers represent a good solution 
for the achievement of the basic requirements for an ideal antimicrobial polymer.31 Interestingly, 
as bacterial cells carry a negative surface charge (due to the presence of membrane proteins, 
teichoic acids in Gram-positive bacteria and negatively charged phospholipids at the outer 
membrane in Gram-negative bacteria), positively charged polymers can be attracted to bacterial 
cell membrane and take their action.35 For this reason, in the last decades, many efforts on the 
development of biocidal polymers relied on the use of antimicrobial polycations with quarternary 
ammonium and phosphonium. Table 3 highlights the common scCO2-assisted methods used to 
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Table 1.2 - Antimicrobial agent synthesis or processing using scCO2-assisted methods. 
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1.7. Biocidal Oxazoline-Based Polymers  
Polymeric quaternary ammonium salts can be prepared using different approaches that will result 
in distinct polymeric architectures, exhibiting diverse antimicrobial activities and potential 
applications.49 Interestingly, polymers bearing ammonium salts are cationic and their mechanism 
of action is believed to depend on the fundamental characteristic of negatively charged microbial 
cell membrane. This aspect suggests that the development of strains resistant to this class of 
compounds is impaired, as it would require bacteria to change membrane structure.50  
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Oxazoline based polymers (POXs) are an attractive class of compounds due to their 
biocompatibility and synthetic versatility51 and represent a unique approach to the development 
of new antibiotics. Recently, they have been explored as strong candidates for the development 
of new polymer therapeutics.52–55 Waschinski et al. reported the synthesis of a series of oxazoline-
based polymers, terminated with quaternary ammonium groups, prepared via standard CROP by 
conventional synthesis.54 The antimicrobial polymers activity was evaluated by determining the 
minimal inhibitory concentration (MIC) against Staphylococcus aureus. Only poly(2-oxazoline)-
based polymers containing alkyl ammonium functions with alkyl chains of 12 carbon atoms or 
longer were found to be active. Correia et al. demonstrated that the synthesis of antimicrobial 2-
substituted-2-oxazolines polymers can be successfully performed in scCO2 in a more sustainable 
way. Several OOXs were synthesized by living CROP and later end-capped with a tertiary amine 
to produce quaternary-ammonium-terminated materials (OOXs-DDA). The synthesis and 
quaternization of branched oligo(2-bisoxazoline) was reported for the first time as well as its 
antimicrobial activity and cytotoxic effect, together with linear oligo(ethylenimine) hydrochloride 
quaternized, a polymer biocide, which was also synthesized by hydrolysis of a oligo(2-
oxazoline).48 Table 1.3 summarizes the reaction conditions used for the synthesis of POXs-DDA 
using either the conventional or the scCO2 – assisted methods.   
 
Table 1.3 – Methods for POXs-DDA synthesis. 
 Reactional conditions Type of POX Ref. 
Conventional 
synthesis 
1. Inert atmosphere, monomer, initiator, 
chloroform, 70 °C, 48h  
2. 10-fold excess of DDA, Na2CO3/H2O, 70 
°C, 24 h; 
3. Re-precipitation with diethyl ether, dialysis, 
drying in vacuum. 
PMeOx-DDA 53 
1. Inert atmosphere, monomer, initiator, 
chloroform, 0 ºC; 
2. Reflux at 70 ºC, 48 h; 
3. Monomer, 70 ºC, 48 h; 
4. 10-fold excess of DDA, Na2CO3/H2O, 70 
°C, 24 h; 
5. Re-precipitation with diethyl ether, dialysis, 







1. monomer/BF3.Et2O/carbon dioxide, 60 ºC, 
16-20MPa, 20 h;  
2. 10-fold excess of DDA, 70 ºC, 24 h; 
3. Purification by washing with fresh CO2, 
extracting unreacted reagents. CO2 is vented 
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Comparing the syntheses (conventional versus scCO2), it can be concluded that, following the 
supercritical route, a more sustainable protocol was achieved with a clear reduction of purification 
steps, solvents, and time (Table 1.4).  
 
Table 1.4 - Comparison between POXs conventional and scCO2 synthetic route from a green chemistry 
point of view.  
Parameter Conventional synthesis scCO2 synthesis Green chemistry principles 
Solvents involved 6 1 
Safer solvents 
Less hazardous synthesis 
Purification steps 3 0 Design for separation 
Time consumption (h) 72-120 44 Time efficiency 
Waste production yes no Prevention 
 
1.8. Bioactive POXylated Surfaces 
Antimicrobial polymers can be effectively designed to improve the materials properties. The 
possibility to incorporate, combine or graft such versatile polymers (with tunable chemical and 
mechanical properties) into a surface broadens up the design of biocidal platforms. Antimicrobial 
surfaces can act by two ways: i) a biopassive surface coating or ii) an active bioactive-surface. 
The biopassive surface does not interact and kill bacteria but reduce the adsorption of proteins 
and, consequently, the adhesion of bacteria. This approach is mainly reported in literature trough 
the incorporation of hydrophilic polymers into surfaces, e.g. hydrogel coatings (mostly based on 
polyethylene glycol, PEG).56 In contrast, bioactive surface coatings can kill bacteria on contact, 
either after the release of the biocide from the surface to the surroundings or after mere contact 
with the surface.57  
Non-fouling poly(2-methyl-2-oxazoline) (PMOX)-based coatings have emerged as a promising 
alternative for the replacement of PEGs by more biocompatible analogues.58 Essentially, PMOX-
modified substrate is a biopassive approach to reduce biofouling and improve the ability to resist 
protein and bacterial adhesion (without killing) by enhancing materials hydrophilicity.  
Importantly, bioactive materials that prevent biofouling should contain antimicrobial moieties 
attached onto polymeric backbones by covalent interactions to boost stability. Previous studies 
report the use of antimicrobial groups usually grafted to the polymer backbone or inserted in the 
main chain of polymers during synthesis by using monomers bearing antimicrobial moieties.4 
Many studies also show that biocidal end-capping is an effective strategy.59,60 However, the 
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number of chemical steps and the use of organic solvents are not attractive from a sustainable 
point of view. Table 1.5 highlight the main methods used until now to immobilize POXs at a 
surface. 
 
Table 1.5 - Methods for POXs surface immobilization. 
Methods for POXs immobilization Type of surface Approach Ref. 
Grafting 
onto 
Direct end-capping of 
the living polymer 
species 
Silicon wafer, glass slide bearing 
silane coupling agents 
Biopassive 61,62 
Quench the living 
oxazolinium species 
with an amine 
functionalized surface 
APTES modified surfaces, 
inorganic fibers, ultrafine silica 
and carbon black, modified 








Azide modified surfaces Biopassive 67 
Grafting 
from 
Initiator attached to the 
surface prior to the 
polymerization 
Surfaces bearing OTos, OTf, 
ONs and bromine or iodine 
groups 
Biopassive 68–72 
iPrEnOx attached to the 
surface prior to the 
polymerization, 
followed by CROP of 
another oxazoline 






Modifying the surface 
with a BP or PFPA 
derivatives 







interactions between the 
negatively charged 
surface and the 
polycationic polymer 
Nb2O5-coated silicon wafer Biopassive 80 
Blend 
Cellulose-grafted-POX 














APTES: (3-aminopropyl)triethoxysilane; PAMAM: Poly(amido amine); OTos: tosylate; OTf: triflate; ONs: 
p-nitrobenzyl sulfonate; iPrEnOx: 2-isopropenyl-2-oxazoline; CROP: cationic ring opening 
polymerization; BP: benzophenone; PFPA: perfluorophenyl azide; PMMA: poly(methyl methacrylate); 
Nb2O5: Niobium pentoxide. 
 
The immobilization of the antimicrobial polymers is a fundamental step in the overall process 
because it also requires the use of organic solvents in a common synthetic approach. In this PhD 
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project, bioactive surfaces will be designed by blending the antimicrobial polymers in the casting 
solution (physical immobilization, forming an entangled polymeric network, chapter 4)81 or by 
covalently binding the antimicrobial polymers on the membrane surface by plasma technology 
(chapter 5). This last approach will defeat the use of organic solvents.82 Plasma technology has 
been used in our group, with exciting preliminary results,83 and will allow the activation of the 
3D structure by introducing radicals on the 3D structure surface and the following immobilization 
of the antimicrobial polymer. The final structure is then obtained without any traces of organic 
contaminations and is ready-to-use. 
Plasma technology will be applied to activate the 3D structures surface and that can be done with 
two different purposes: i) coating with polymers that act as spacers by injecting a monomer stream 
in the plasma chamber - followed by reaction with the biocidal agent; ii) activate the surface by 
creating specific radicals that will bind to predefined spacers (e.g. PEG).82 Herein, we used plasma 
technology to create radicals and the activated 3D structures will then bind to the biocidal agents, 
synthesized in supercritical carbon dioxide. 
 
The combination of supercritical fluid technology and plasma activation is a key innovation of 
this project.  
 
1.9.  Main Objectives and General Research Plan   
This project seeks to develop a new, green and sustainable solution for drinking water treatment 
based on the use of biocidal polymeric 3D structures. 
Herein, it is proposed the preparation of new, portable, polymeric, and low-cost biocidal 3D 
device using green technologies (supercritical carbon dioxide and plasma technology). This 
device will consist of a 3D biocidal structure with a morphology suitable for water permeation, 
which surface will bear synthesized antimicrobial oligomers trough surface functionalization. 
Produced and functionalized 3D porous structures in supercritical carbon dioxide will be designed 
to have minimal residual toxicity and prolonged lifetime, to have broad-spectrum antimicrobial 
activity, rapid bacteria killing rates (contact times of minutes), being also a strategy that avoids 
the development of bacteria drug resistance. 




Figure 1.5 - Scheme of the project main idea: production and functionalization of 3D structures with 
antimicrobial activity for water bacterial purification. 
 
The production of new and low-priced biocidal 3D structures with controlled morphology and 
structure will boost the use of sustainable technologies and alternative solvents in the area of water 
treatment. This project will culminate with the implementation of this technology to treat 
environmental water samples and provide drinking water with minimum production costs, 
separation capability, long-term use with minimum replacement costs and operational feasibility.  
In order to pursue these general objectives, several studies were carried out to try to answer these 
specific research questions: 
 
- Can oligo(2-oxazoline)s be functionalized successfully in scCO2? Which are the best end-
capping molecules to functionalize oxazoline-based oligomers in order to confer antimicrobial 
activity? Which is the impact of these end-capping molecules in the MIC value? How long do 
different oligomers take to kill S. aureus and E. coli cells?  How cytotoxic are the most promising 
oligomers? (Chapter 2); 
- What caused the unexpected blue emission of oligo(2-oxazoline)s? Can these oligomers label 
successfully S. aureus and be used as biotags? (Chapter 3); 
- Can antimicrobial oligo(2-oxazoline)s be blended into a natural polymeric 3D network with 
success? What is the effect of the blending in the final 3D material properties? How different 
oligomers, while blended, influence the materials protein adsorption resistance and antimicrobial 
activity? (Chapter 4); 
- Can antimicrobial oligo(2-oxazoline)s be grafted into a natural polymeric 3D network surface 
using green technologies with success? What is the effect of the grafting in the final 3D material 
properties? How different oligomers, while grafted, influence the materials protein adsorption 
resistance and antimicrobial activity? How will the material perform in the purification of 
environmental water samples? (Chapter 5); 
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- How do antimicrobial oligo(2-oxazoline)s kill the bacterial cells? Is the mechanism of action by 
carpeting or by the formation of pores? (Chapter 6). 
 
Therefore, this PhD thesis is organized in seven chapters that try to elucidate each of the above 
mentioned specific research questions.  
Chapter 1 highlights the motivation of this work and reviews the state of the art about oxazoline-
based polymers synthethic methods and its incorporation into antimicrobial strategies and 
modified surfaces. Part of this chapter was already published in Philosophical Transactions of the 
Royal Society A (“Supercritical carbon dioxide design strategies: from drug carriers to soft 
killers”, A. Aguiar-Ricardo, V.D.B. Bonifácio, T. Casimiro, V.G. Correia, Phil. Trans. R. Soc. 
A  2015, 373. DOI: 10.1098/rsta.2015.0009).  
  
Chapter 2 describes the synthesis, characterization and biological evaluation of antimicrobial 
oxazoline-based oligomers in scCO2. The work described in this chapter was already published 
in Macromolecular Bioscience (“Oxazoline-Based Antimicrobial Oligomers: Synthesis by CROP 
Using Supercritical CO2”, V. G. Correia, V. D.B. Bonifácio, V. P. Raje, T. Casimiro, G. 
Moutinho, C. L. da Silva, M. G. Pinho, A. Aguiar-Ricardo, Macromol. Biosci., 2011, 11 (8), 
1128-37. DOI: 10.1002/mabi.201100126) and was highlighted in backcover of the issue. Also, 
this work was presented in an oral presentation (“Synthesis and characterization of 2-oxazoline-
based polymers for anti-fouling and antimicrobial surface activity”, V. G. Correia, T. Barroso, V. 
B. Bonifácio, C. Lobato da Silva, M. G. Pinho, and A. Aguiar-Ricardo, at the “12th European 
Meeting on Supercritical Fluids” at Graz University of Technology - Campus Inffeldgasse, 
Austria, 9th-12th May 2010) and in one poster presentation with proceeding (“Green synthesis of 
2-oxazoline-based microbicidal polymers”, V. G. Correia, V. D. B. Bonifácio, G. Moutinho-
Fragoso, M. G. Pinho and A. Aguiar-Ricardo, Proceedings of the “II Iberoamerican Conference 
on Supercritical Fluids – Prosciba 2010” Natal, Brasil, 5th-9th April 2010). 
 
Chapter 3 highlights the unexpected blue emission of oxazoline oligomers due to carbamic 
insertion during the synthetic procedure and their potential use as biotags. The work described in 
this chapter was already published in Matterials Letters (“Blue emission of carbamic acid 
oligooxazoline biotags”, V.D.B. Bonifacio, V. G. Correia, M. G. Pinho, J. C. Lima, A. Aguiar-
Ricardo, Mat. Lett., 2012, 81, 205-8. DOI: 10.1016/j.matlet.2012.04.134). 
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Chapter 4 describes the production of 3D structures with antimicrobial activity by blending the 
antimicrobial OOXs in the chitosan blend. The work described in this chapter was already 
published in Biofouling (“Anti-biofouling 3D porous systems: the blend effect of oxazoline-
based oligomers on chitosan scaffolds”, V. G. Correia, M. Coelho, T. Barroso, V. P. Raje, V. D. 
B. Bonifácio, T. Casimiro, M. G. Pinho and A. Aguiar-Ricardo, Biofouling, 2013, 29 (3), 273-
82. DOI: 10.1080/08927014.2013.766172) and it was the subject of an oral presentation 
(“Antifouling and antimicrobial properties of oligo(2-oxazoline)s-based composites”, V. G. 
Correia, M. Coelho, T. Barroso, V. P. Raje, V. D. B. Bonifácio, T. Casimiro, M. G. Pinho and 
A. Aguiar-Ricardo,  at “II International Conference on Antimicrobial Research”, Lisbon, 21st-
23rd November 2012). Also, it was presented in two poster presentations (“Evaluation of  fouling 
resistance on oligo(2-oxazoline)s modified chitosan-based devices”, V. G. Correia, T. Barroso, 
M. Coelho, R. Domingues, V. P. Raje , V. D. B. Bonifácio, G. Moutinho, M. G. Pinho and A. 
Aguiar-Ricardo, 11th International Chemical and Biological Engineering Conference Chempor 
2011 – FCT/UNL, Caparica, Portugal, 5th to 7th September 2011; “Antimicrobial surface coatings 
for water treatment using supercritical fluid technology”, V. G. Correia, M. G. Pinho and A. 
Aguiar-Ricardo, at “II International Conference on Antimicrobial Research”, Lisbon, 21st-23rd 
November 2012). 
 
Chapter 5 describes the production of 3D structures coated with antimicrobial oxazoline-based 
oligomers by surface modification with plasma technology. It was described, for the first time, 
the design of a surface with grafted oxazoline-based oligomers able to kill bacteria upon contact. 
The work described in this chapter was already published in Biomacromolecules (“Antimicrobial 
contact-active oligo(2-oxazoline)s-grafted surfaces for fast water disinfection at the point-of-
use”, V. G. Correia, A. M. Ferraria, M. G. Pinho and A. Aguiar-Ricardo, Biomacromolecules, 
2015, 16 (12), 3904-15. DOI: 10.1021/acs.biomac.5b01243) and it was the subject of an oral 
presentation (Fast disinfecting filters for water purification”, V. G. Correia, M. G. Pinho and A. 
Aguiar-Ricardo, at “2nd EuCheMS Congress on Green and Sustainable Chemistry”, Caparica, 4th-
7th October 2015). Also, it was presented in five posters presentations (“Combining plasma 
activation and supercritical carbon dioxide to surface-graft antimicrobial coatings for water 
treatment”, V. G. Correia, M. G. Pinho and A. Aguiar-Ricardo, at “11º Encontro Nacional de 
Química-Física”, Oporto, 9th-10th May 2013; “Towards the ideal contact-active antimicrobial 
surface via grafting of oligo(2-oxazoline)s using scCO2”, V. G. Correia, M. G. Pinho and A. 
Aguiar-Ricardo, at 14th European Meeting on Supercritical Fluids, Marseille, 18th-21st May 2014; 
“Green route to graft antimicrobial oligo(2-oxazoline)s”, V. G. Correia, M. G. Pinho and A. 
Aguiar-Ricardo, at Gordon Research Seminar and Gordon Research Conference on Green 
Chemistry, The Chinese University of Hong Kong, 26th-27th July 2014 and 27th July-1st August 
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2014; “Antimicrobial oligo(2-oxazoline)s surface immobilization by green technologies”, V. G. 
Correia, M. G. Pinho and A. Aguiar-Ricardo, at XX Encontro Luso-Galego de Química, 
Complexo FFUP/ICBAS, Porto, 26th-28th November 2014; “Development of antimicrobial 
surfaces using green technologies”, V. G. Correia, M. G. Pinho and A. Aguiar-Ricardo, at “XXIV 
Encontro Nacional da Sociedade Portuguesa de Química”, Departamento de Química da 
Universidade de Coimbra, Coimbra, 1st-3rd July 2015). 
 
Chapter 6 elucidates the mechanism of action of these antimicrobial oligomers in bacterial cells. 
The work described in this chapter is in preparation for submission.  
Chapter 7 describes the main conclusions and future prospects. 
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A supercritical fluid assisted method was developed to obtain biocompatible 2-oxazoline-based 
oligomers quaternized with different amines. The synthesized oligo(2-oxazoline)s presented 
partial carbamic acid insertion at the starting end. Quaternized oligo(2-bisoxazoline) and linear 
oligo(ethylenimine) hydrochloride synthesis are reported for the first time. Oligo(2-methyl-2-
oxazoline) and oligo(2-bisoxazoline) quaternized with N,N-dimethyldodecylamine were the most 
efficient biocidal agents showing fast killing rates against S. aureus and E. coli. Linear 
oligo(ethylenimine) hydrochloride had the lowest MIC values but higher killing times against 
both bacteria. Based on the antimicrobial activity studies, the cooperative action of carbamic acid 
with the ammonium end group is proposed.  
 
2.2. Introduction 
Due to public health concerns many modern materials are supposed to be equipped with 
antimicrobial properties. The use of antimicrobial polymers for rendering biomaterials resistant 
to microbial colonization is a very convenient way.57 Polymeric antimicrobial agents  have many 
advantages as they are chemically stable, reduced residual toxicity, nonvolatile, do not permeate 
though the skin and can have antimicrobial activity against different strains of bacteria and/or 
fungi. Significant advances have been made in the synthesis of antimicrobial polymers geared 
specifically for water treatment, for biomedical and food applications or for textile products.4,84 
Synthetic polymers are much easier to synthesize than peptides but the synthetic approaches still 
often involve multi-step synthesis including protection and deprotection steps. New synthetic 
approaches for the production of inherently antimicrobial and biocompatible polymers are 
required. Poly(2-oxazoline)s represent a unique approach to new antibiotics and are strong 
candidates for the development of new polymer therapeutics and its biocidal properties have been 
thoroughly explored in the last few years.52–55 Oxazoline-based polymers with different 
architectures and chemical functionalities can be prepared in a living and controlled manner via 
cationic ring-opening polymerization (CROP), which results in well-defined degrees of 
polymerization and low polydispersity.85–87 These polymers are biodegradable, relatively non-
toxic, generally water soluble and, due to their versatility and ability to form functional materials, 
are interesting candidates for use in a large number of applications, such as drug delivery systems, 
smart materials and antimicrobial agents.24,30,88 The synthesis of these polymers is well described 
in literature using conventional,26 microwave-assisted27,28  and green (synthesis in supercritical 
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carbon dioxide) methodologies.23 The use of carbon dioxide as a polymerization reaction medium 
has been investigated continuously in recent years since it exhibits interesting physical properties, 
being promoted as a green solvent with many advantages over conventional solvents.17,18 
Poly(ethylenimine) is a polyamine which possesses a high number of advantages, such as being 
a chelating agent, having good water solubility, and good physical and chemical stability and that 
can be easily obtained by oxazoline-based polymers hydrolysis.89,90  
Most of the studies of polymers with antimicrobial activity are based on compounds and materials 
possessing quaternary ammonium salts in their structure since its antimicrobial activity has been 
known for decades.60,91,92 Waschinski and co-workers reported the synthesis of a series of 
oxazoline-based polymers, terminated with quarternary ammonium groups (using a series of N-
alkyl-N,N-dimethyl amines but also pyridine), prepared via standard cationic ring-opening 
polymerization. Their antimicrobial properties were later evaluated by determining the minimal 
inhibitory concentration against Staphylococcus aureus. Only poly(2-oxazoline)-based polymers 
containing alkyl ammonium  functions with alkyl chains of twelve carbon atoms or longer 
revealed to have antimicrobial activity and polymers with hydroxy or pyridyl functions at the 
chain end were found to be inactive. Moreover, Washinski et al.52  showed that the antimicrobial 
activity of the polymers is believed to be polymer chain length independent  and to be highly 
influenced by the polymers head group that are expected to cooperatively penetrate the cell wall 
at the same point as the quaternary ammonium group.54 To the best of our knowledge, the 
antimicrobial effect of cyclic, aromatic and two branched linear amines to endcap poly(2-
oxazoline)s was never investigated.  
The mechanism of action of antimicrobial polymers remains largely unknown. However, 
poly(oxazoline)s resulting from CROP of 2-oxazolines can be considered as analogues of poly 
aminoacids[4] and the better studied mechanisms of action of antimicrobial peptides may be used 
as hypothetical models for the action of poly(oxazoline)s. Cationic antimicrobial peptides are 
attracted to the bacterial surfaces by electrostatic forces between the peptides and the anionic 
lipopolysaccharide (LPS) in outer membrane of gram-negative bacteria, or the negatively charged 
teichoic acids attached to the thick layer of peptidoglycan present in the surface of gram-positive 
bacteria.35 Antimicrobial peptides therefore have some degree of selectivity towards negatively 
charged microbial cell envelopes and cytoplasmatic membranes in contrast with the generally 
neutral mammalian cytoplasmic membranes. After attachment to the bacterial surface, peptides 
must cross the outer membrane of gram-negative cells by a self promoted uptake93 or the thick 
layer of peptidoglycan of gram-positive cells to reach the anionic surface of the cytoplasmic 
membrane. Peptides then disrupt it either by inserting perpendicularly to the membrane and 
forming pores (barrel-stave model or toroidal-pore model) or by accumulating on the bilayer 
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surface, covering it like a carpet and dissolving the membrane in a detergent-like manner (carpet 
model).35 
The fact that the mechanism of action of cationic peptides or polymers depends on fundamental 
characteristics of the microbial cytoplasmic membrane suggests that development of resistance to 
these types of polymers would require bacteria to completely change their membrane structure. 
Therefore the development of antimicrobial polymers is envisaged as new and efficient alternative 
to conventional antimicrobial agents, less prone to the development of resistance.94 
We have previously demonstrated that the polymerization of 2-substituted-2-oxazolines can be 
successfully performed in supercritical carbon dioxide. In this work, we synthesized several 2-
oxazoline-based oligomers by the living CROP of 2-substituted oxazolines. After polymerization, 
the living oligomer was end-capped with water (1a-3a) or with different types of selected amines 
(linear, cyclic, and aromatic) (1b, 1c, 2b-2f, 3b, 3c and 4b) in order to produce quaternary-
ammonium-terminated materials. The synthesis and quaternization of branched oligo(2-
bisoxazoline) 4b is reported for the first time as well as its antimicrobial activity and citotoxicity 
effect, together with oligo(hydrochloride quaternized ethylenimine) 5 wich was also synthesized 
by hydrolysis of a oligo(2-oxazoline) (Scheme 2.1). A detailed evaluation and description of the 
antimicrobial properties, comprising MIC and killing times determination, and cytotoxicity 
behaviour of novel ammonium quaternized oligomers (linear, cyclic, and aromatic) and 
oligo(hydrochloride quaternized ethylenimine) (5) are reported against six pathogenic bacteria 
and one fungi strains.  
 
Scheme 2.1- General strategy to synthesize oligo(2-oxazoline)s (1, 2 and 3),  
oligo(2-bisoxazoline)s (4) and oligo(hydrochloride quaternized ethylenimine) (5). 
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2.3. Experimental Section 
2.3.1. Materials  
The monomers 2-methyl-2-oxazoline (MeOx), 2-ethyl-2-oxazoline (EtOx) and 2-phenyl-2-
oxazoline (PhOx), the initiator boron trifluoride diethyl etherate (BF3.OEt2), methylimidazole, 
1,4-diazabicyclo[2.2.2]octane (DABCO), accutaseTM and Cell growth determination Kit MTT 
based were purchased from Sigma-Aldrich. N,N-dimethyldodecylamine and N-
methylcyclohexylamine were  purchased from Fluka. N-methyldioctylamine was purchased from 
Acros Organics. All the reagents were used without further purification. The monomer 2-
bisoxazoline (BisOx) was synthesized as described in the literature.95 Carbon dioxide was 
supplied by Air Liquide with a purity of 99.998 %. Mueller-Hinton broth medium was purchased 
from Oxoid. Propidium iodide was purchased from Molecular Probes, Invitrogen. RPMI-1640 (a 
Roswell Park Memorial Institute medium), trypan blue and fetal bovine serum (FBS) used in cell 
culture were purchased from Invitrogen. L929 cells were obtained from DSMZ, Germany and 
from Sigma. 
2.3.2. Synthesis of living oligo(2-oxazoline)s 
The polymerizations were carried out in a stainless-steel reactor, and four different 2-substituted 
oxazoline monomers were studied (MeOX, EtOx, PhOx and BisOx) and boron trifluoride etherate 
(BF3.Et2O) was used as the initiator. The monomer/initiator ratio used for each polymerization 
was, respectively: [M]/[I]=15 (MetOx), [M]/[I]=12 (EtOx), [M]/[I]=10 (PhOx)  and [M]/[I]=7.5 
(BisOx), according to our previous work.23 Synthesis details as well as the end-capping of living 
oligo(2-oxazoline)s and the preparation of linear oligo(ethylenimine) hydrochloride are shown in 
the Supplementary Info.  
2.3.3. Oligomers characterization 
The infrared spectra were obtained using a FTIR Nicolet Nexus equipment.  The 1H and 13C NMR 
spectra were acquired in a Bruker ARX 400 spectrometer. The MALDI-TOF mass spectrometry 
was performed on an AUTOFLEX Bruker apparatus using dithranol or -cyano-4-
hydroxycinnamic acid (CHCA) as the matrix.  The samples were prepared by mixing aqueous 
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solutions of the oligomer (10-4 M) and matrix in a typical ratio of 1:1 (v/v). Due to very low 
solubility in common organic solvents and water we were unable to characterize the oligo(2-
bisoxazoline) end-capped with water (4a).  
2.3.4. Antimicrobial activity screening of synthesized materials by disc diffusion 
technique 
Initial tests of antimicrobial activity were performed by disc diffusion technique for 1a, 2a, 1b, 
1c, 2b-2f and 4b and 5. These tests were performed using 7 different microorganisms: 
Staphylococcus aureus ATCC 25923, Enterococcus faecalis ATCC 29212 (both gram-positive 
bacteria), Escherichia coli ATCC 25922, Proteus mirabilis, Pseudomonas aeruginosa ATCC 
27853, Klebsiella oxytoca (all gram-negative bacteria) and Candida albicans ATCC MYA-2876 
(fungi). Cells were cultivated by plating 350 L of bacterial or fungi cells stock solutions onto 
standard growth medium, Mueller-Hinton Agar. Papers disks (BBL no. 231039, BD) were 
impregnated with 15 L of oligomers aqueous solutions at a concentration of 100 mg.mL-1 and 
placed on the surface of the inoculated growth medium. Plates were incubated for 24 h at 37 ºC 
for bacterial strains and 48 h at 37 ºC for Candida albicans and the presence or absence of 
inhibition zones was evaluated. A negative control was set using a disc impregnated with water. 
Experiments were run in duplicate. 
2.3.5. Bacterial strains, growth conditions and minimal inhibitory concentration 
(MIC) determination 
Staphylococcus aureus NCTC8325-4 and Escherichia coli AB1157 bacterial strains were grown 
in Mueller-Hinton broth medium. Cultures were grown overnight in broth at 37 ºC, diluted 1/200 
and further incubated at 37 ºC, with aeration and vigorous shaking to an optical density at 600 nm 
of 0.5-0.6 for determination of killing curves and fluorescence microscopy. The MICs of the 
oligomers were measured using a broth microdilution method. 96-well plates containing in each 
well a volume of 100L of medium with a specific concentration of oligomer (sequential 2 fold 
dilutions) were prepared. Each well was inoculated with 5 L of culture (5 x 105 cells) and plates 
were incubated at 37 ºC overnight.  Controls of the medium, oligomer, monomers and amine were 
also carried out. MIC results were determined after 24 hours of incubation. The tests were 
performed in duplicate for both S. aureus and E. coli strains. 
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2.3.6. Killing curves 
A solution of oligomer in growth medium was added to S. aureus and E. coli cultures in 
exponential growth phase (OD600nm= 0.5-0.6) to achieve a final oligomer concentration of 5 times 
the MIC. Samples of the culture were taken before addition of oligomer and after the addition of 
1b and 4b and 5. Each sample was serially diluted to 10-2 and 10-4 in growth medium. 100 L of 
each dilution were plated on Mueller Hinton agar and incubated at 37 ºC. After 24 hours, the 
number of viable colonies was determined.  The minimum time to achieve 99.9 % killing of 
bacteria exposed to 1b, 4b and 5 was determined, except for S. aureus exposed to 5, for which 
the minimum time to achieve 99 % killing was determined. 
2.3.7. Fluorescence microscopy 
A solution of oligomer in a growth medium was added to S. aureus and E. coli cultures in 
exponential phase (OD600nm= 0.5-0.6) to achieve a final oligomer concentration of 5 times the 
MIC. The incubation time used for each oligomer solution was chosen according to the killing 
curve results obtained: 1b (E. coli, 1 min.; S. aureus, 4 min.), 4b (E. coli, 6 min.; S. aureus, 6 
min.), 5 (E. coli, 75 min.; S. aureus, 240 min.). Cultures were then labeled with propidium iodide 
for 5 minutes at room temperature, with shaking. Cells were visualized by phase-contrast and 
fluorescence microscopy using a Leica DRMA2 microscope coupled to a CoolSNAP HQ 
Photometrics camera (Roper Scientific).  
2.3.8. Cytotoxicity assays 
Oligomers 1a, 1b, 4a,4b and 5 were tested for cytotoxicity following the ISO 10993-5 guidelines. 
Briefly, triplicates of the oligomers were placed in polystyrene tubes at a concentration of 10 
mg.mL-1 in RPMI–1640 media with 10 % (v/v) of fetal bovine serum (FSB) and kept in an 
incubator (37 ºC, 5 % CO2, fully humidified) for 1 day. The liquid extracts were diluted to 1 
mg.mL-1 and 0.1 mg.mL-1 and used to culture L929 mouse fibroblasts (initial density 105 cells.mL-
1) in 24-well plates for 42 hours. The cell metabolic activity was determined by analyzing the 
conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (yellowish 
color) to its formazan derivative (purple – absorbance at 570 nm after a 3 hour incubation at 37 
ºC) using a MTT-based Cell growth determination kit. The results were normalized to the negative 
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control for cytotoxicity (fresh RPMI medium) and compared to the positive control (0.01 M 
phenol). 
 
2.4. Results and Discussion 
2.4.1. Synthesis of antimicrobial oligo(2-oxazoline)s (1b, 1c, 2b-2f, 3b, 3c), oligo(2-
bisoxazoline) (4b) and oligo(hydrochloride quaternized ethylenimine) (5). 
The oligomers were successfully synthesized via CROP using a two-steps green methodology: 
synthesis of the precursor living oligo(2-oxazoline)s and end-capping with selected terminating 
agents.  The resultant materials were fully characterized by FT-IR, NMR, and MALDI-TOF 
confirming that low molecular weight and low polydispersity oligomers incorporating carbamic 
starting ends were obtained (Table 2.1). In order to establish its biocompatibility and antimicrobial 
profile the synthesized oligomers were end-functionalized either with water (in order to 
differentiate the role of the quaternization from the oligomer backbone) or tertiary amines giving 
the corresponding quaternary ammonium salts.  
As previously mentioned many efforts have been made to synthesize novel quaternized 
ammonium polymers for the achievement of efficient biocidal materials.4 The work developed so 
far has been focused on quaternization using linear amines with different chain lengths and also 
in obtaining polymers with telechelic functions. Since the antimicrobial activity does not depend 
on the polymer chain length, the exploitation of possible synergistic effects of the polyoxazoline 
starting end was studied for hydrogen, methyl, BOC-protected aromatic amine, free aromatic NH2 
groups, and it was shown that the functions at the starting end had a crucial effect to the bioactivity 
of the polymers.52 
Oligo-oxazolines synthesized in scCO2 are obtained as an enriched mixture of carbamic acid 
starting end enriched telechelic oligomers since carbon dioxide is partially incorporated (up to 35 
%) in the starting end of the oligo-oxazoline chain.23 Attempts to polymerize 2-bisoxazoline led 
to the formation of branched oligomer 4b, which was further quaternized for the evaluation of 
branching on antimicrobial activity. The preparation of linear oligo(ethylenimine) from 
oligo(oxazoline) hydrolysis is well described in literature.50 Therefore we prepared 5 by the acid 
hydrolysis of 1b, with loss of the ammonium quaternization under these conditions. The 
investigation of the biocidal properties of 5 despite its simple preparation was never explored, to 
the best of our knowledge, although the complex preparation of crosslinked nanoparticles of 
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ammonium derivatives of 5 has been reported for the acquirement of antimicrobial dental resin 
composites.96,97 
 




Mnb) (Da) D.P.b) 
Mnc) 
(Da) 




1a 43 - - 840 1.2 22 851 1.3 
2a 70 - - 733 1.3 - 1082 1.2 
3a 99 - - - - - - - 
1b 68 1237 12 505 1.07 21 479 1.0 
1c 66 1279 12 986 1.3 21 1169 1.3 
2b 61 1504 13 897 1.5 28 1059 1.2 
2c 66 1348 11 1237 1.3 30 929 1.3 
2d 79 1304 12 1080 1.2 32 1118 1.1 
2e 86 809 7 - - - - - 
2f 85 778 7 860 1.2 35 997 1.2 
3b 99 1097 6 - - - - - 
3c 88 1287 7 - - - - - 
4a 67 - - - - - - - 
4b 67 812 3 459 1.0 21 505 1.0 
5 74 - - 558 1.0 - - - 
a) Determined after purification. b) Determined by NMR. c) Data obtained by MALDI-TOF for the 
oligomer without CO2 insertion. d) Percentage of CO2 insertion in the oligomer determined by MALDI-
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2.4.2. Antimicrobial activity of synthesized materials  
The antimicrobial activity of 1a-c, 2a-f, 4b and 5 was initially screened against different gram-
positive and gram-negative bacteria as well as fungi by disc diffusion technique. Only oligomers 
1b, 1c, 2b, 2c, 4b and 5 were active against all microorganisms tested (Staphylococcus aureus 
ATCC 25923, Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 25922, Proteus 
mirabilis, Pseudomonas aeruginosa ATCC 27853, Klebsiella oxytoca and Candida albicans 
ATCC MYA-2876), indicated by a zone of growth inhibition of variable diameter around the disk 
containing the oligomers (Table 2.2). Oligomers 3a-c, and 4a were not tested due to its 
insolubility in water. Antimicrobial activity of the oligomers was further evaluated against the 
gram-positive bacteria S. aureus NCTC8325-4 and the gram-negative bacteria E. coli AB1157 by 
determining the minimal inhibitory concentration, the killing curves of exponentially growing 
cells upon addition of the oligomers and labeling by propidium iodide.  
 
Table 2.2 - Antimicrobial activity of oligo(2-oxazoline)s screened against different gram-positive and 
gram-negative bacteria as well as fungi by disc diffusion.  
a Zone of growth inhibition around the disk shown in cm. The figure shows the disc diffusion assay for 









1b 1c 2b 2c 4b 5 
S. aureus 1.7 1.0 1.7 1.1 1.8 1.6 
E. faecalis 1.5 1.2 1.8 1.0 2.0 1.3 
E. coli 1.1 1.0 1.8 1.2 2.1 1.5 
P. mirabilis 1.0 0.8 1.1 1.0 1.2 1.3 
P. aeruginosa 0.8 0.7 0.8 0.9 0.9 1.8 
K. oxytoca 1.2 0.9 1.5 1.0 2.5 1.3 
C. albicans 3.6 1.4 6.6 1.3 5.2 1.9 
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2.4.3. Minimal inhibitory concentration (MIC) determination 
Determination of MICs of oligomers 1-5 against S. aureus and E. coli showed that oligomers 1b, 
1c, 2b, 2c,4b and 5 are the most efficient materials in terms of antimicrobial activity against both 
gram-positive and gram-negative bacteria (Table 2.3).  Due to poor solubility in aqueous medium, 
the MIC values of oligomers 3a-c and 4a could not be measured. Oligomers terminated with 
water, which were synthesized as a control, showed no biocidal activity in the concentration range 
tested, a result in accordance with literature which states that the backbone of the polymer is not 
the primary determinant of its biocidal activity and that oligo(2-oxazoline) itself are not 
bioactive.[7] Analogous control tests were performed using either the amines or the monomers and 
no biocidal activity could be observed in the concentration range tested, as explained in the 
experimental procedure. This lack of activity of the amines can be explained with a lower binding 
affinity to the bacterial cell membrane due to the absence of a positive charge in the molecule.52 
We found that oligo-oxazolines end-capped with cyclic amines (2d and 2e) and an aromatic amine 
(2f) showed higher MIC values for S. aureus and E. coli then oligomers end-capped with linear 
amines 1b, 1c, 2b and 2c. If we define oligomers with MICs higher than 10 mg.mL-1 as 
antimicrobially ineffective,52 we can consider that oligomers 2d-f were not effective against both 
bacterial species tested. Assuming that the mechanism of action of oligomers 1b, 1c, 2b-f and 4b 
requires insertion in the cytoplasmic membrane, similarly to many antimicrobial peptides,35 and 
that long alkyl chains are needed to penetrate the bacterial cell membrane, then it is possible that 
oligomers end-capped with cyclic amines are not as effective in penetrating the lipid bilayer as 
oligomers with a linear end-capping group or that the diffusion through the bacterial cell wall is 
hindered due to the non linearity of the amine group,52 and therefore have higher MICs. 
Antimicrobial activity of oxazoline-based polymers functionalized with non-linear amines was 
never exploited in literature. In this work, oligomers 1c and 2c that are functionalized with N-
methyldioctylamine, a two branched C8 amine, revealed to have biocidal activity contrarily to the 
reported non-biocidal behavior of poly(2-methyl-oxazoline) functionalized with 
octyldimethylamine, only one linear C8 amine.52 The funcionalized oligomers with N,N-
dimethyldodecylamine 1b, 2b and 4b showed antimicrobial activity against both bacteria. 
Oligo(2-bisoxazoline) 4a has a higher molar MIC value than 1b (both terminated with the same 
linear amine) showing that branching influences the MIC values. This result can be possibly 
related with lower accessibility of both 4b chain ends to the cell membrane, limiting the 
cooperative mehanism of action due to steric hindrance,54 supporting the idea that not only the 
number of ammonium group in the terminal end of the chain has an impact in antimicrobial 
activity but also the possible conformational arrangement of the oligomers chain.  
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Data reported by Waschinski and co-workers52,54 shows that the starting end group has a great 
influence on biocidal activity on poly(alkyloxazoline) with terminal quaternary ammonium 
groups. As reported by Veiga de Macedo et al. the 2-oxazoline polymer synthesis in scCO2 leads 
to products with a percentage of carbamic acid insertion at the starting end (from 10 to 28 %, 
according to the 2-oxazoline monomer used).23 Comparing the MIC value for S. aureus bacteria 
(although different strains) of 1b (0.15 mol.mL-1 or 0.19 mg.mL-1) (hydrogen and 21 % carbamic 
acid at the starting end) with the MIC value of analogous oligo(2-metyl-2-oxazoline) end-capped 
with N,N-dimethyldodecylamine reported in literature (1.0 mol.mL-1 or 2.5 mg.mL-1) (only 
hydrogen at the starting end),52 a positive impact of a low percentage of a carbamic acid satellite 
group on the oligomers biocidal activity was observed. The comparison of 1b MIC value (0.15 
mol.mL-1 or 0.19 mg.mL-1) (only 21 % of carbamic acid content) with the reported52 MIC value 
(0.08 mol.mL-1 or 0.2 mg.mL-1) for analogous bitellechelic poly(oxazoline) having an end 
capped  protected carbamic acid starting end (tert-butoxycarbonyl (BOC) group) shows a similar 
biocidal activity. Moreover, the antimicrobial activity of 1b could be corrected by a factor of 5 
taking in account the actual percentage of CO2 insertion. The approach developed in this work 
and the ones from Waschinski et al.52,54 indicate a possible synergic effect arising from carbamic-
type and ammonium quaternized bistelechelic functions. Therefore increasing the percentage of 
carbamic acid insertion in oligo(2-oxazoline) should result in a significant enhancement of its 
antimicrobial activity. To verify this hypothesis, further studies with oligo(2-oxazoline)s with 
high percentages of CO2 insertion (up to 80 %) will be performed. Polymer 5 is a 
oligo(ethylenimine) hydrochloride quaternized with 11 hydrochloride units (by MALDI-TOF 
analysis) and therefore with a high number of positive charges. The existence of positive charges 
may be an important requisite for the oligomers antimicrobial activity as the first step in their 
mechanism of action should be attraction to the predominant negatively charged bacterial surface. 
The lower MIC value obtained for 5 supports the strong correlation of antimicrobial activity and 
the initial binding to bacterial cell membrane.52  
Despite the large differences between the surface of gram-positive and gram-negative bacteria, 
both have an anionic character, due mainly to the presence of LPS in the outer leaflet of the outer 
membrane of gram-negative bacteria and to the presence of teichoic acids in the surface of gram-
positive bacteria.98 Generally, oligomers showed a weaker antimicrobial activity for E. coli, when 
compared to S. aureus, what can be justified with the MIC values of quaternary ammonium salts 
itself, already reported in the literature (for dodecyltrimethylammonium chloride: MICE. coli = 110 
µmol.L-1 and MICS. aureus = 20 µmol.L-1).54  
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Cationic polymers are believed to initiate electrostatic interactions with the negatively charged 
components of the bacterial surfaces, before killing the cells by disruption of the cellular 
membrane.  
 
Table 2.3 - Minimum inhibitory concentrations obtained for 2-oxazoline-based oligomers using E. coli 
and S. aureus strains.  
Oligomer 
MIC  
E. coli AB1157  
MIC  
S. aureus NCTC8325-4 
 mg.mL-1 mol.mL-1  mg.mL-1
 
mol.mL-1 
1a > 24  > 24  
2a > 24  > 24  
1b 0.38 0.31 0.19 0.15 
1c 1.50 1.15 0.75 0.58 
2b 0.75 0.48 0.38 0.24 
2c 1.50 1.09 0.75 0.55 
2d > 24  12 9.1 
2e 24 29.2 12 14.6 
2f > 24  24 30.4 
4b 0.75 0.92 1.5 1.85 
5 0.09 0.18 0.19 0.39 
 
 
2.4.4. Killing curves 
Microbial killing by 1b, 4b and 5 were studied in detail. Oligomer 1b, with low MIC and which 
biocidal properties for higher molecular weights have been already reported,52  was selected in 
order to evaluate the effect of a 21 % of insertion of a satellite carbamic acid on oligomer chain. 
Oligomer 4b, quaternized with the same amine than 1b, was chosen to evaluate the influence of 
branching on biocidal killing times. Polymer 5 has 11 hydrochloride quaternized units and was 
therefore chosen to evaluate the effect of the presence of a high number of positive charges per 
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oligomer. Killing curves for 1b, 4b and 5 were determined as function of time, after addition of 
the oligomers at 5 times the MIC, to E. coli and S. aureus exponentially growing cultures (Figure 
2.1).  
After the addition of 1b, the optical density of both cultures as well as the number of viable cells 
decreases after a few minutes (99.9 % killing is achieved after 4 minutes for S. aureus and in less 
than 1 minute for E. coli). After the addition of 4b, the increase in optical density stops and 99.9 
% of the cells are killed in 4-6 minutes for both S. aureus and E. coli. In contrast, after addition 
of 5, optical density continues to slowly increase during the assay. However, the number of viable 
cells decreases, showing that although the cells are probably not being lysed immediately after 
the addition of the polymer, they are no longer viable. Although polymers 4a and 5 have similar 
molar MIC values, polymer 5 took a much longer time to kill the bacterial cells, with 99 % killing 
achieved after 4 hours for S. aureus and 99.9 % killing achieved for E. coli after 75 minutes. 
The low killing times observed for 1b and 4b could be justified by the synergistic effect of 
carbamic acid and linear amine telechelic functions. Antimicrobial polymers are suggested to 
disrupt the cytoplasmic membrane by two main mechanisms after the initial binding step: 
insertion of the polymer perpendicularly to the membrane with the formation of a either barrel-
stave or toroidal transmembrane pores causing permeabilization and depolarization of the 
membrane or accumulation of the polymer at the membrane surface until a certain threshold 
concentration is reached causing subsequent disruption in a detergent like manner (carpet 
mechanism), with the consequent lysis of the bacterial cells.92 It is possible that the different 
killing rates of 1b and 4b comparatively to 5 are due to different modes of action of these 
polymers. Polycation 5 is more effective in attaching to the bacterial cell surface due the higher 
positive charge per polymer chain, but less efficient in crossing the outer membrane of gram-
negative bacteria and the thick peptidoglycan layer of the gram-positive bacteria and thus taking 
longer time to kill the bacteria. While growth of E. coli can be inhibited by just attacking the outer 
membrane, in S. aureus the polymer must firstly diffuse through the cell wall to be effective,54 
justifying longer times to kill S. aureus. 
 











 Figure 2.1-  Oligo(2-oxazoline)s killing curves for E. coli and S. aureus strains: (I) Optical density at 600 
nm (OD600nm) and (II) colony-forming units per mL (CFU.mL-1) as function of time for () S. aureus and 
() E. coli  in the presence of (a) oligomer 1b, (b) oligomer 4b and (c) oligomer 5. Time t = 0 min. 
represents the sample taken before addition of the oligomer. All the assays were done in duplicate. Error 
bars represent the standard deviation 
2.4.5. Fluorescence microscopy 
The viability of S. aureus and E. coli in the presence of 1b, 4b and 5 was also assessed using 
propidium iodide fluorescent dye to label dead cells. Cells were incubated in the presence of the 
oligomers for variable times, chosen in agreement with the obtained killing curves for each 
oligomer (Figure 2.2). 
Both E. coli and S. aureus become fluorescent after the addition of each oligomer, at times that 
are in accordance with the results obtained for the killing curves, indicating that fluorescence 
microscopy, a simple and reliable method, is a faster alternative to assess cell viability, with the 
advantage of viable cells not being underrepresented due to the formation of cell clusters. 
 




Figure 2.2 -. Fluorescence labeling using propidium iodide for the assessment of cell viability of S. aureus 
NCTC 8325-4 and E. coli AB1157 (a) cells in the absence of oligomer, (b) cells incubated with oligomer 
1b, (c) cells incubated with oligomer 4b and (d) cells incubated with oligomer 5: (I) bacterial cells 
visualized by phase-contrast, and (II) cells visualized by fluorescence microscopy using Texas Red filter. 
Dead cells show red fluorescence.  
 
2.4.6. Cytotoxicity assay 
Prokaryotic and eukaryotic cells differ at the level of the membrane composition and lipids 
arrangement. Mammalian cytoplasmic membranes are generally neutral while bacterial cells tend 
to have a negatively charged surface. Therefore polymers with positive charges may bind 
selectively to prokaryotic membranes through electrostatic interactions.99 This led us to 
investigate the cytotoxicity of these oligomers against mammalian cells (L929 mouse fibroblasts). 
Oligo-oxazolines were evaluated in terms of cytotoxicity following International Standard 
guidelines100 with an incubation time of 42 hours. Table 2.4 shows the cell metabolic activity in 
the presence of each oligomer.  
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Cell number and cell metabolic activity in the presence of oligomer 1a, in a concentration of 10 
mg.mL-1, were markedly decreased relatively to the control. For the lower concentrations of 1a 
tested, 1 mg.mL-1 and 0.1 mg.mL-1, cells proliferated at the same extent as the control and 
remained viable, though higher cell metabolic activities were observed. This increased cell 
metabolic activity could potentially result from a cell stress response to oligomer 1a present in 
the extracts. In the presence of 0.1 mg.mL-1 of 1b after 42 hours of incubation cells are still 
metabolically active. Comparing the bacterial killing rate of 1b (4 minutes for S. aureus and in 
less than 1 minute for E. coli) we conclude that the bactericidal activity is much faster than their 
cytotoxic effect in mammalian cells, as cells are still metabolically active after 42 hours. At the 
same concentrations, cells in the presence of branched oligo(2-bisoxazoline) 4a and 4b and in the 
presence of oligomer 5 exhibited lower metabolic activities than in the presence of 1a and 1b. 
Additionally, ammonium quaternization of the oligomers results in increased cytotoxicity, as the 
cell metabolic activity decreases in the presence of these oligomers. These results suggest that all 
oligomers tested are promising for further biomedical or biotechnological applications as they 
combine low MIC values, fast killing rates and high biocompatibility. 
 
Table 2.4 - Percentagea) of cell metabolic activity for different oligo(2-oxazoline)s concentrations 
(mg.mL-1). 
Oligomer 
Cell metabolic activity (%) 
10 mg.mL-1 1 mg.mL-1 0.1 mg.mL-1 
1a 8.2 195.9 209.6 
1b 7.8 8.1 123.4 
4a - 25.0 83.3 
4b 8.3 7.3 52.0 
5 8.3 15.9 69.5 
 a)  100 % of cell metabolic activity was defined as the activity in RPMI medium. 
 
2.5. Conclusions 
A series of 2-oxazoline-based oligomers enriched with satellite carbamic acid starting end and 
ammonium quaternized terminated were successfully obtained using supercritical carbon dioxide 
via cationic ring-opening polymerization. The synthesis and quaternization of a branched oligo(2-
bisoxazoline) and  the synthesis of linear oligo(ethylenimine) hydrochloride quaternized, 
prepared by acid hydrolysis of a synthesized oligo(2-oxazoline), were reported for the first time. 
These materials were obtained with low molecular weight and low polydispersity and were fully 
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characterized by spectroscopic and microbiological techniques. This type of oligomers may have 
a mechanism of action similar to antimicrobial peptides as they may induce membrane permeation 
via membrane disintegration or pore formation, accompanied by a loss of bacterial membrane 
potential. Materials with fast killing rates against both E. coli and S. aureus were obtained for 
oligo(2-methyl-2-oxazoline) and oligo(2-bisoxazoline) both end-capped with N,N-
dimethyldodecylamine. Linear oligo(ethylenimine) hydrochloride quaternized has a lower MIC 
value, is more effective in attaching to bacterial cell membrane,  but required more time to kill 
bacteria. Our results suggest that oligo-oxazolines end-capped with cyclic amines are not able to 
insert efficiently in the cytoplasmic membrane and are therefore poor antimicrobial agents. 
Carbamic acid starting end of linear amine terminated oligo(2-oxazoline)s appears to enhance the 
antimicrobial activity of the materials. It should be stressed out that the reported oligomers are 
obtained by simple CO2 insertion (used as solvent and C1 feedstock) avoiding the synthesis of 
endcappers. Further carbamic acid starting end enrichment of the oligomers is being carried out. 
 The synthesized library provided good leading materials for the development of new 
antimicrobial agents with low cytotoxicity, fast killing rate and broad-spectrum biocidal activity, 
and represents a good strategy to avoid and overcome bacterial resistance. Further studies are 
being performed in order to elucidate the oligomers mechanisms of action.  
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3.1. Abstract  
The blue emission of a carbamic acid oligo(2-methyl-2-oxazoline) synthesized by a cationic ring-
opening polymerization in supercritical carbon dioxide under controlled conditions is reported. 
The increase of the light- emission intensity of oligo(2-oxazoline)s was achieved by carbamic 
acid insertion at the oligomer starting end during the polymerization. Successful labeling of gram-
positive S. aureus bacterial cells with carbamic acid ammonium-quaternized oligo(2-oxazoline)s 
turn these materials into promising blue fluorescent markers for imaging and bioanalytical assays. 
 
3.2. Introduction 
Bioluminescence staining is an attractive approach either to distinguish biological components,101 
detect pathogenic bacteria or track and quantify molecules and events in living cells with spatial 
and temporal resolution.102 Pathogen recognition by polymer-based detection methods have 
become known in a variety of biological sensing applications,103 but usually the polymeric-based 
sensors require pre- functionalization,104 or addition of reagents. Ideally, a polymeric biosensor 
should comprise some requirements such as availability of varied range of monomer types, easy 
and direct detection, low detection limits, selectivity, precision, rapid assay time (5 up to 10 min) 
and be cost effective.101  
The emergent interest in poly(2-oxazoline)s (POXs) is mainly related to their amphiphilic 
nature,55,105 and high potential as antimicrobial materials.52 While studying oligo(2-oxazoline)-
based (OOX) architectures 23,26,28 we have found that all the synthesized polymers exhibit a blue 
fluorescence, which to the best of our knowledge, has not been previously described for POXs.106 
The intrinsic blue fluorescence of POXs is relevant for applications in the field of biocompatible 
tags (biotags) as there are only a few blue fluorescent bacterial cells membrane labels. Therefore, 
all efforts to rationalize the origin of the fluorescence in biocompatible polymers and design 
synthetic strategies to produce brighter materials is highly desirable. Previous reports have 
described the blue emission from hyperbranched polymers without pendant or on-chain 
fluorophores but very recently this puzzling emission has been fully understood.107 Hence, all 
reports on blue emission from polymers having no fluorophores are, in general, due to oxidation 
triggered processes. Therefore, we first describe the purely intrinsic blue emission of OOXs, 
resulting from carbamic acid end-capping.  
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Accordingly to literature, ammonium terminated POXs have antimicrobial activity and are 
believed to initiate electrostatic interactions with the negatively charged components of the 
bacterial surface. Carbamic acid enriched OOXs quaternary-ammonium terminated proved to be 
effective in attaching to bacterial cells 48 thus enabling their application as fluorescent biotags. As 
a proof of concept, herein we report the synthesis of carbamic acid enriched oligo(oligo-2-methyl-
2-oxazoline)s to elucidate the origin of the intrinsic fluorescence. Furthermore, oligomers were 
end-capped with N,N-dimethyldodecylamine (DDA) to assess its potential application as bacterial 
markers. 
 
3.3. Experimental Section 
3.3.1. Oligomer synthesis  
Oligomerizations were carried out following a reported method [10] in the presence and in the 
absence of initiator (see Supplementary data). Using this procedure, oligo(2-methyl-2-oxazoline)s 
1 and 1′,and carbamic acid starting end enriched oligo(2-methyl-2-oxazoline)s 2 and 2′ were 
obtained (Figure 3.1). Oligo(2-methyl-2-oxazoline) was further hydrolysed  to 
oligo(ethylenimine) hydrochloride 3.50 Oligo(2-methyl-2-oxazoline) was also synthesized under 
controlled experimental conditions using a high-pressure sapphire cylindrical cell (HPSCC) that 
was especially designed for spectroscopic measurements in supercritical fluids. The HPSCC 
apparatus used in these experiments is described in the Supplementary data. 
3.3.2. Fluorescence microscopy 
A solution of oligomer 1′ and 2′ in Mueller Hinton growth medium was added to S. aureus culture 
in exponential phase (OD600nm=0.5– 0.6) to achieve a final oligomer concentration of 6 μM (4 % 
of minimum inhibitory concentration) for oligomer 1′ and a final concentration of 1mM (100 % 
of minimum inhibitory concentration) for oligomer 2′. Cultures were labeled individually with 
oligomer 1′ and 2′ for 5 min at room temperature, with shaking. Cells were centrifuged and 
washed with growth medium 3 times. Cells were visualized by phase-contrast and fluorescence 
microscopy (exposure time of 5000 msec) using a Leica DRMA2 microscope coupled to a 
CoolSNAP HQ Photometrics camera (Roper Scientific). 
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3.4. Results and Discussion 
3.4.1. Synthesis of carbamate enriched oligo(2-methyl-2-oxazoline)s 
Living cationic ring-opening polymerization (CROP) of 2-oxazolines using supercritical carbon 
dioxide (scCO2)48 was performed using a two-steps green methodology: synthesis of the precursor 
living OOXs and end-capping with selected terminating agents. Under these conditions CO2 is 
partially incorporated in the starting end of the OOX chain (up to 35 %). Since there are no reports 
on fluorescent POXs prepared by conventional methodologies, the origin of OOXs fluorescence 
must be related to the synthetic route using scCO2.As CO2 can act as initiator of the living 
polymerization, even with low efficiency, the oligomerization was performed in the absence of 
BF3.OEt2, in order to force an increased incorporation of carbamic acid. End-capping of the living 
oligomers are achieved by addition of water (1 and 2) or DDA (1′ and 2′) (Figure 3.1). Using this 
methodology we obtained for the first time high carbamic acid enriched oligomers 2 and 2′. For 
comparison oligomers 1 and 1′ were synthesized in the presence of BF3.OEt2 as described.23  
 
Figure 3.1 - Schematic synthesis of oligo(2-methyl-2-oxazoline)s 2 and 2’ in supercritical carbon dioxide 
in the absence of initiator. The MALDI-TOF spectra show the molecular weight distribution for 2’: 
mixture composed by 26 % of oligomer A (black lines) and 74 % of oligomer B (blue lines).  
 
Subsequently, emission spectra of both oligomers 1 and 2 were acquired in order to compare 
oligomers with different carbamic acid percentages, and an increase of nearly 8 times in the 
emission intensity (due to increase in carbamic acid content) was observed (Figure 3.2).  





Figure 3.2 - Emission spectra ex= 350 nm) of equimolar aqueous solutions of oligo(2-methyl-2 
oxazoline)s synthesized in the absence (2) and in the presence of initiator (1). Inset: photograph of vials 
containing water (left) and an aqueous solution of 2 excited by a UV lamp (ex= 366 nm).  
 
The fluorescence apparent quantum yields (where apparent reflects the fact that the oligomers are 
always a mixture of carbamic acid terminated and hydrogen terminated oligomers) obtained for 
oligomers 1 (ϕf=0.013) and 2 (ϕf=0.092) at λex=350 nm were determined using the coumarin 460 
standard in methanol (ϕf=0.46). 108 The quantum yields of the polymers with intrinsic emission 
are very low (1–9 %), which is not significant, particularly when labeling such oligomers into 
bioorganisms. 
3.4.2. Tagging of the membranes 
Oligomers 1, 1′, 2 and 2′ were investigated as staining agents for bacterial membranes of gram-
positive S. aureus. Hydroxyl end-capped oligomers (1 and 2) did not stain S. aureus in the tested 
concentrations and incubation times (data not shown). The presence of ammonium end-capping 
group of OOXs is crucial for the binding of the tag to the membrane leading to an effective 
bacterial staining. Solutions of both oligomers, 1′ and 2′,were individually used to incubate S. 
aureus bacterial cells, at room temperature for 5 min, and the results showed a successful staining 
in both cases (Figure 3.3).  
 




Figure 3.3 - Fluorescence labeling of S. aureus using oligo(2-methyl-2-oxazoline) terminated with N,N-
dimethyldodecylamine (1’ and 2’). Bacterial cells visualized by phase-contrast (left panels) and cells 
visualized by fluorescence microscopy using DAPI filter (right panels). (A) cells in the absence of 




As previously reported,48 the antimicrobial activity of oligomer 1′ was evaluated and minimum 
inhibitory concentration (MIC) value for S. aureus determined (0.19 mg mL−1). The MIC value 
of oligomer 2′ for the same bacteria was also obtained and the impact of carbamic acid enrichment 
on antimicrobial activity assessed. A higher MIC value (6.25 mg mL−1) was obtained for oligomer 
2′. As oligomer 2′ has a larger fraction of oligomer B, a satellite carbamic acid starting end 
ammonium-quaternized oligo(2-methyl-2-oxazoline), we can conclude that the biocidal effect 
arises from the non-fluorescent fraction of oligomer A, hydrogen starting end ammonium-
quaternized oligo(2-methyl-2-oxazoline). 
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3.4.3. Origin of the intrinsic fluorescence 
In order to discard any possible oxidation-triggered photoluminescence we have investigated the 
living polymerization and end-capping of OOXs in the total absence of oxygen using a High-
Pressure Sapphire Cylindrical Cell (HPSCC) (supporting information). At the end of the 
polymerization reaction, emission spectra were recorded in total absence of oxygen using the 
HPSCC and an adapted high-pressure apparatus for luminescence measurements (supporting 
information). The oligomers obtained under these conditions, are identical to 1 and 1′, in all 
aspects, including fluorescence. We also investigated the addition of an oxidizing agent, 
ammonium persulfate (NH4)2S2O8, to aqueous solutions of 1 (48 h at rt), but no significant 
changes in the fluorescence were detected. Moreover, emission spectra of 1 at different pH values 
(pH=1, 6 and 13) were measured in order to evaluate a possible fluorescence pH dependence, but 
found that the oligomers emission is not pH sensitive. As observed in Figure 3.2, carbamic acid 
enriched oligomers showed enhanced fluorescence intensity. In addition, we performed the acid 
hydrolysis of 1, as firstly reported by us,109 in order to obtain the corresponding linear 
oligoethylenimine hydrochloride (3). From FTIR, 1H and 13C NMR spectra analysis it was 
possible to conclude that complete hydrolysis of both oxazoline's acetyl and carbamic acid groups 
occurred. Oligomer 3 showed no fluorescence (data not shown). In order to finally confirm that 
the carbamic acid was in fact the primary agent responsible for OOXs fluorescence, we 
synthesized tris(2- aminoethyl)amine carbamic acid (4) from tris(2-aminoethyl)amine (5) using 
scCO2 (see Supplementary data). While no emission was observed for 5, the carbamate derivative 
4 showed a blue emission (Figure 3.4). 
 
Figure 3.4 - . Excitation (em= 420 nm; black lines) and emission (ex= 350 nm; blue lines) spectra of 
oligo(2-methyl-2-oxazoline) (2) synthesized in scCO2 and tris(2-aminoethyl)amine carbamic acid (4), 
taken in water. The emission spectra of tris(2-aminoethyl)amine (5) in water are also shown for 
comparison.  
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High intensity spectra correspond to 2 and medium intensity to 4. Compound 5 only shows 
background emission. Same excitation and emission wavelength were observed for both oligomer 
2 and reference compound 4, showing undoubtedly that fluorescence is due to the same chemical 
group, carbamic acid.  
 
3.5. Conclusions  
The fluorescence of enriched carbamic acid linear oligooxazolines without on-chain fluorophores 
was reported for the first time. We have developed a versatile way to manipulate the light-
emission properties of oligooxazolines through control of their starting end functionalization with 
a carbamic acid, achieved by a cationic ring-opening oligomerization of 2-oxazolines in 
supercritical carbon dioxide. The unexpected fluorescence of antimicrobial oligooxazolines was 
used in the labeling of gram-positive S. aureus cells. Our results show that ammonium-
quaternized oligooxazolines with a satellite carbamic acid starting end are valuable non-toxic blue 
fluorescent biotags for biological sensing applications. 
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The production, characterization and anti-biofouling activity of 3D porous scaffolds combining 
different blends of chitosan and oxazoline-based antimicrobial oligomers is reported. The 
incorporation of ammonium quaternized oligo(2-oxazoline)s in the scaffold composition 
enhances the chitosan scaffold stability under physiological conditions as well as the ability to 
repel protein adsorption. The blended scaffolds showed mean pore sizes in the range of 18–32µm, 
a good pore interconnectivity and high porosity, as well as a large surface area, ultimate key 
features for anti-biofouling applications. The bovine serum albumin (BSA) adhesion profiles 
showed that the scaffolds composition plays a critical role in the chitosan-oligooxazoline system. 
Oligobisoxazoline enriched scaffolds (20 % w/w, CB8020) decreased protein adsorption (BSA) 
up to 70 %. Moreover, one mg of CB8020 was able to kill 99.9 % of E. coli bacteria upon contact, 
demonstrating its potential as promising material for production of tailored nonfouling 3D 
structures to be used in the construction of novel devices with applications in the biomedical field 
and water treatment processes. 
 
4.2. Introduction 
Biofouling, the non-specific surface adhesion of proteins, bacteria and higher organisms,110,111 is 
a worldwide problem affecting a variety of areas such as industries, waterworks and medicine.8 
It affects devices performance, which can influence both water quality and consumer health;112 it 
decreases product quality in pharmaceutical and food manufacturing industries113 and it can result 
in the contamination of medical implants and surfaces in the hospital environment.8 For these 
reasons, anti-biofouling strategies can have a large economic impact in many fields, increasing 
production and avoiding expensive remediation.  
Biofouling is a multistage process that, when caused by bacteria, starts with the formation of a 
“conditioning biofilm” in which bacterial adhesion to a surface is an essential step.114 Primary 
adhesion between bacteria and surfaces is generally mediated by nonspecific interactions, namely 
electrostatic forces. In this initial stage, bacterial adhesion is still reversible. In a second stage, the 
microorganism consolidates its adhesion through the production of extracellular proteins. Since 
these proteins are able to complex with surfaces, adhesion becomes irreversible and a maturation 
process is initiated. When a critical mass is reached, the biofilm outer layer starts to generate 
planktonic bacteria that can colonize other surfaces (Figure 4.1).115 





Figure 4.1 - A multistep process for biofilm formation: (a) reversible bacterial adhesion to the surface, 
mediated by electrostatic interactions; (b) the anchoring phase, where extracellular proteins are produced 
and complexed to the surface; (c) maturation; (d) bacterial population growth, with heterogeneous pattern 
within the biofilm; (e) generation of planktonic bacterial cells phenotypically adapted to  the 
microenvironment conditions of the biofilm, and able to colonize other surfaces. 
 
 
Currently, biocontamination is usually controlled by numerous disinfection processes which 
make use of common antimicrobials that act non-specifically against multiple microbial targets. 
Unfortunately, these chemicals are not always efficient against biofilms, leading to public health 
problems, since surface-bound cells are believed to be generally more resistant to antimicrobials 
than their planktonic counterparts. The mechanisms involved in biofilm resistance to disinfectants 
have been extensively studied115,116 and are related to diffusion/reaction limitations of 
disinfectants in biofilms (the extracellular polymeric material produced by bacteria constitutes a 
barrier to the diffusion of biocides into the biofilm internal layers); or phenotypic adaptations of 
biofilm cells to sub-lethal concentrations of disinfectants which may result from the expression 
of specific genes in response to changes in  micro-environmental conditions. In order to surpass 
biofilm resistance to disinfectants, the synergistic use of different treatments comprising different 
molecules and modes of action has been reported.116 Diverse combinations of, for example, 
sodium hypochlorite, hydrogen peroxide, chlorhexidine, silver, surfactants, ultrasonic or sonic 
agitation, ultraviolet light and many others, have been described in the literature, referring the 
effectiveness of these compounds when used in association.117–120 However, procedures involving 
these are time consuming, complex, environmentally unfriendly and do not always guarantee full 
biofilm eradication. Therefore, new strategies are needed to overcome bacterial adhesion to 
surfaces, particularly alternative solutions that make use of greener materials or environmentally 
friendly processes. Bioadhesion is known to be influenced by several factors and, consequently, 
the strategies to solve the biofouling problem may comprise: (1) mechanical detachment of 
(a) (b) (c) (d) (e)
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biofouling organisms and/or adsorbed molecules; (2) biofilm inactivation or killing by biocides 
and (3) surface modification to obtain low-adhesive and non-sticky materials. This last strategy, 
which leads to surfaces that prevent bacterial attachment, is accepted nowadays as the most 
promising and eco-friendly alternative to toxic biocides.114 Since adhesion of bacteria to surfaces 
usually starts with protein adsorption, low protein adsorption is one of the most important 
requisites for a material to resist to biofouling. Proteins are versatile macromolecules that can 
have different adsorption mechanisms, which can be affected by various factors such as surface 
chemical composition, surface hydrophilic/hydrophobic charge and the mobility of surface 
functional groups. The biofouling resistance of a surface can be assessed by the adsorption profile 
of bovine serum albumin (BSA), an useful initial assay for the development of strongly low-
adhesive, protein-repellent, bioinert materials and non-sticking fouling release surfaces.114 
Besides the ability to resist protein adhesion, good mechanical properties and materials wettability 
also play an important role in the development of surfaces that can resist biofilm formation.  
Functional polymers represent a new class of antifouling and antimicrobial agents as alternative 
to antibiotics, for which tunable chemical and mechanical properties can be obtained through 
biomaterials engineering. Taking advantage of the available antimicrobial polymers and the 
possibility of incorporating and combining them into different 3D structures, it is now possible to 
design biocidal matrices with tuned biocidal efficiency. The incorporation of hydrophilic well-
hydrated polymers into a surface, commonly designated by biopassive surface coatings, reduces 
the adsorption of proteins and thus the adhesion of bacteria, but does not actively interact with 
bacteria to kill them.  In marked contrast, surface immobilized bioactive polymers can kill bacteria 
on contact. This mechanism is well reported for antimicrobial agents such as quaternary 
ammonium compounds, guanides, phosphonium salts, or antibiotics.121 The first polymer that 
became a commercial disinfectant was poly(hexamethylene biguanidinium hydrochloride), 
thoroughly investigated by Ikeda et al..32 The antimicrobial activity of protonated tertiary and 
primary amino groups has also been recently described, as well as that of different polymers and 
copolymers, such as poly(phenylene ethynylene)s and dimethylaminomethyl styrene,122 and 
copolymers of dimethylaminoethylacrylamide and aminoethylacrylamide.123 Hyperbranched 
polyethylenimine is another example of a strong antimicrobial due to a high density of 
antimicrobial groups per chain.124 Surfaces which repel microbes were also achieved using 
hydrogel coatings (mostly based on polyethylene glycol, PEG),56 obtained through the 
incorporation of negatively charged groups or through ultrahydrophobic modifications.57 Non-
fouling poly(2-methyl-2-oxazoline) (PMOXA)-based coatings have emerged as a promising 
alternative for the replacement of PEGs by more biocompatible analogues.111 Importantly 
PMOXA-modified substrata constitute a biopassive approach to reduce biofouling and their 
ability to resist protein and bacteria adhesion (without killing) is mainly due to higher 
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hydrophilicity. In order to obtain stable bioactive substrata that prevent biofouling, antimicrobial 
moieties have to be attached onto polymeric backbones by covalent interactions. Previously 
reported approaches involve the use of antimicrobial groups that are usually grafted to the 
polymer backbone or inserted in the main-chain of polymers synthesized using monomers bearing 
antimicrobial moieties.125 Several other studies have shown that biocidal endcapping is also an 
effective strategy.48,59 Most of the reported approaches involve many chemical steps and the use 
of organic solvents and, for that reason, are not attractive from an economical point of view. 
In this paper, the production of highly biocidal and biocompatible materials using a new strategy 
that combines the use of natural and greenly synthesized antimicrobial polymers. Chitosan (CHT) 
is the N-deacetylated derivative of chitin, a polycationic polysaccharide. This inexpensive, non-
toxic, biodegradable and biocompatible biopolymer shows good water permeability and good 
chemical resistance.126 CHT has been widely employed to develop suitable 3D supports for 
applications in tissue engineering127,128 and controlled drug delivery.129 Oligo(2-oxazoline)s, due 
to their biocompatibility and easy quaternization, represent a unique approach to the development 
of new antibiotics and have been explored in the last few years as strong candidates for the 
development of new polymer therapeutics.24,52–55 The synthesis of these polymers using 
conventional,26 microwave-assisted27,130 and green (synthesis in supercritical carbon dioxide) 
methodologies23 has been previously described. Recently, a series of 2-oxazoline-based oligomers 
enriched with satellite carbamic acid starting end and ammonium quaternized terminated were 
successfully obtained using supercritical carbon dioxide via cationic ring-opening polymerization 
(CROP), resulting in 2-oxazoline-based oligomers which were active against bacteria and fungi.48 
The synthesis and quaternization of branched oligo(2-bisoxazoline) and the synthesis of linear 
oligo(ethylenimine) hydrochloride, prepared by acid hydrolysis of oligo(2-oxazoline), were also 
reported for the first time by Correia et al..48 This library of oligomers proved to have a broad 
spectrum activity against different micro-organisms comprising fungi and Gram-positive and 
Gram-negative bacteria, while being biocompatible to fibroblast cells. Therefore, the 
incorporation of the most effective cationic antimicrobial oligomers (oligo (2-methyl-2-
oxazoline) quaternized with N,N-dimethyldodecylamine, oligo(2-bisoxazoline) quaternized with 
N,N-dimethyldodecylamine and linear oligoethylenimine hydrochloride) into a 3D structure 
might represent an efficient alternative to conventional strategies to prevent protein adsorption 
and subsequent bioadhesion. 
Herein, a systematic study of the anti-biofouling profile of 3D macroporous biocomposites is 
presented, with controlled morphological and mechanical properties, obtained by cross-linking a 
blend of fully biocompatible oligo(2-oxazoline)s and chitosan. The performance of these devices 
as antifouling bioactive matrices was evaluated using BSA adhesion assays. The antimicrobial 
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activity was assessed by direct exposure of Staphylococcus aureus and Escherichia coli cells to 
the scaffolds.  
 
4.3. Experimental Section 
4.3.1. Materials 
Chitosan (CHT) (75-85 % deacetylated, Mw = 190–310 kg.mol-1), N,N’-methylenebisacrylamide 
(MBA), monomer 2-methyl-2-oxazoline (MeOx, purity > 98 %), initiator boron trifluoride diethyl 
etherate (BF3.OEt2, synthesis grade), ammonium persulfate (PSA), N,N,N,N-
tetramethylethlenediamine (TEMED), glacial acetic acid (purity ≥ 99 %), phosphate buffered 
saline (PBS) and bovine serum albumin (BSA, purity ≥98 %) were purchased from Sigma-
Aldrich. The monomer 2-bisoxazoline (BisOx) was synthesized following a procedure described 
by H. Witte et al..95 N,N-dimethyldodecylamine was purchased from Fluka. Ethanol (p.a.) was 
purchased from Pancreac. Mueller-Hinton broth medium was purchased from Oxoid. Carbon 
dioxide was supplied by Air Liquide with a purity of 99.998 %. All materials and solvents were 
used as received without any further purification. Oligo(2-methyl-2-oxazoline) quaternized with 
N,N-dimethyldodecylamine (M), oligo(2-bisoxazoline) quaternized with N,N-
dimethyldodecylamine (B), and linear oligoethylenimine hydrochloride (E) were synthesized as 
described previously.48  
4.3.2. Scaffolds preparation 
Scaffolds were prepared by the freeze-drying method.131 Briefly, the casting solutions with 
concentrations of 3 % (w/v) were prepared by dissolving chitosan or a mixture of 
chitosan/oligo(2-oxazoline) in acetic acid 1 % (v/v) at room temperature under stirring. The 
casting solutions were prepared using 90 % or 80 % (w/w) of chitosan and 10 % or 20 % (w/w) 
of oligo(2-oxazoline), respectively. A cross-linking agent (MBA, 2% w/w) was also added to the 
mixture. The homogeneous solutions were cooled and 74 µL PSA solution (0.1 g.mL-1) and 46 
µL of TEMED were added to the mixtures and stirred overnight. The solutions were then placed 
in sample tubes with an inner diameter of 1.2 cm and 3 cm height. The sample tubes were freeze-
dried at -20 ºC during 20 minutes. Afterwards, the scaffolds were washed with ethanol in order 
to remove remaining cross-linker.132 Finally, the scaffolds were placed in a high pressure cell and 
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fully cleaned with a pure CO2 flow during one hour. At the end of this operation, the system was 
depressurized and the scaffolds were collected. 
4.3.3. Scaffolds characterization 
The morphology of the scaffolds was recorded using scanning electron microscopy (SEM) in a 
Hitachi S-2400 equipment, with an accelerating voltage set to 15 kV. The scaffold samples were 
frozen and fractured in liquid nitrogen for cross-section analysis. All samples were coated with 
gold before analysis. 
The compression modulus of the scaffolds was determined with a tensile testing equipment 
(MINIMAT firm-ware v.3.1). Samples with length of 1 cm and width of 1 cm were compressed 
until their deformation. The used speed of testing was 1 mm.min-1. A full scale load of 20 N was 
used. The compression modulus was calculated from the slope of the linear portion of the stress-
strain curve. All samples were tested in dry state at room temperature. 











      (2) 
 
where F is the applied force, A the cross sectional area, l is the change in length and L is the 
length between clamps. 
Scaffolds porosity and pore size distribution were determined by mercury porosimetry 
(micromeritics, autopore IV). The scaffolds stability in PBS solution (pH 7.4) was also evaluated. 
Scaffolds samples were immersed in 10 mL of PBS at 37 ºC during 63 days. Samples were 
removed from the medium periodically, freeze dried for 24 hours and then weighted. A new PBS 
solution was always used after each freeze-drying step.  
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The water fluxes were determined at 37 ºC and 1 atm.  Due to the high porosity of the scaffold 
network no pressure was applied. Thus, Varian columns (with a capacity of 3 mL and an effective 
volume of 1.2 cm3) were packed with antimicrobial scaffolds and charged with 1 mL of distilled 
water. The run time was registered and at least three measurements of distilled water flux were 
recorded. 
4.3.4. Protein adsorption assays 
A scaffold sample of approximately 45 mg was immersed in BSA solution (1 mg.mL-1). Samples 
were withdrawn from the solution in order to evaluate the protein concentration in the medium 
after 48 h (loading step). At the end of the assays, the scaffolds were removed and washed with 
PBS in order to remove the BSA absorbed into the scaffold (recovery step). In parallel, and in 
order to evaluate the leaching of the antimicrobial polymer from the blend, the samples were 
placed in PBS solution (control). The absorbance at 280 nm was measured periodically. The 
protein percentage was normalized to the scaffold’s weight.  
4.3.5. Bacteria viability after direct exposure to scaffolds 
S. aureus NCTC8325-4 and E. coli AB1157 bacterial strains were grown in Mueller-Hinton broth 
medium. Cultures were grown overnight in broth at 37 ºC. Blended scaffolds were placed in the 
wells of 24-well plates containing, in each well, a volume of 1 mL of medium with a scaffold 
sample of approximately 4.5 mg. Each well was inoculated with 5 µL of culture (approximately 
5x105 cells) and plates were incubated at 37 ºC to assess the viability of bacterial cells. After 
incubation (1 h and 18 h), the medium with bacteria was plated on Muller Hinton Broth agar and 
incubated at 37 ºC for 24 h, and the number of bacterial colonies was determined. The influence 
of stirring (no stirring or stirring at 100 rpm) on bacterial viability was also tested. Experiments 
were performed in duplicate for both S. aureus and E. coli strains. The results were normalized 
per mg of scaffold.  
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4.4. Results and Discussion 
4.4.1. Scaffolds preparation  
Antimicrobial oligo(2-oxazoline)s enriched CHT scaffolds were prepared. In order to evaluate 
the impact of the addition of antimicrobial oligomers to a CHT native scaffold, CHT was blended 
with three different oligo(2-oxazoline)s synthesized in supercritical carbon dioxide.48 The 
scaffolds were prepared by freeze-drying using different percentages (10 or 20 %) of oligo(2-
oxazoline)s (Scheme 4.1). The blended materials were further characterized to evaluate the 
morphology as well as the mechanical, protein-repellent and antimicrobial properties. 
 
 
Scheme 4.1 - Polymeric compounds used in the preparation of 3D macroporous biocomposites: CHT- 
chitosan, M- Oligo(2-methyl-2-oxazoline) quaternized with N,N-dimethyldodecylamine, B- Oligo(2-
bisoxazoline) quaternized with N,N-dimethyldodecylamine, and E- Linear oligoethylenimine 
hydrochloride.   
 
 
CHT native scaffold stands for 100 % CHT. The scaffolds blended composition will be described 
hereinafter as: CM9010 – 90 % of CHT blended with 10 % of oligomer M; CM8020 – 80 % of 
CHT blended with 20 % of oligomer M; CB9010 – 90 % of CHT blended with 10 % of oligomer 
B; CB8020 – 80 % of CHT blended with 20 % of oligomer B; CE9010 – 90 % of CHT blended 
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4.4.2. Scaffolds characterization 
The native CHT scaffold and antimicrobial oligo(2-oxazoline)s-enriched CHT scaffolds were 
characterized to assess their mechanical and morphological properties as well as water 
permeability. Mercury intrusion porosimetry data showed variations in average pore size diameter 
and the pore size distribution and water fluxes, depending on the oligo(2-oxazoline), and its 
content in the casting solution. The data obtained are summarized in Table 4.1and Figure 4.2.  
 











CHT 2.2±1.3 90±5 26 ± 5 3.0 ± 0.2 
CM9010 2.0±0.6 91±5 27 ± 5 15.4 ± 3.9 
CM8020 1.6±0.3 90±5 19 ± 5 4.4 ± 0.8 
CB9010 3.9±1.1 90±5 25 ± 5 4.4 ± 0.9 
CB8020 1.4±0.0 90±5 32 ± 5 110 ± 20 
CE9010 1.4±0.8 90±5 21 ± 5 n.a. 
CE8020 1.2±0.0 91±5 24 ± 5 n.a. 
 
All the scaffolds produced were highly porous (~ 90 %) with an average pore size diameter in the 
range 18-32 µm. The mechanical properties were not greatly influenced by the presence of 
oligo(2-oxazoline) since all 3D matrices showed a similar compression modulus and, 
consequently, similar stiffness. Moreover, the incorporation of oligomer M in the scaffold 
composition did not significantly change the water flux. Contrarily, a high water flux can be 
observed for the CB8020 scaffold, 40 times higher than that obtained for the CHT native scaffold. 
The increase in the oligo(2-bisoxazoline) content of the scaffold composition increased the 
average pore size diameter leading to higher water permeability. Furthermore, oligo(2-
substituted-2-oxazoline) are hydrophilic polymers that showed very promising properties in 
antifouling applications and its incorporation in the blend was expected to improve scaffolds 
hydrophilicity and consequently the water flux permeability.133 However, this was only observed 
for oligomer B. The methodology used (cross-linking, solvent, purification) may influence the 
polarity and the physical arrangement of the hydrophilic oligo(2-oxazoline) chains in the cross-
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linked network. Therefore, it is possible that the oligomer B chains in the blend were enriched in 
the surface pore walls and ultimately in the scaffold surface, providing extra hydrophilicity. The 
water flux permeability for scaffolds containing oligomer E could not be measured due to the 










Figure 4.2 - Comparison of pore size distributions obtained for CHT native scaffold and for antimicrobial 
oligo(2-oxazoline)s-enriched CHT scaffolds: CM9010, CM8020, CB9010, CB8020, CE9010 and 
CE8020.   
 
These results are in agreement with data collected from the SEM images (Figure 4.3). The SEM 
micrographs (see cross-sections) show that all scaffolds have elongated pores with high 
interconnectivity and porosity. This type of 3D structure, combining high porosity, 
interconnectivity and pore sizes (>18 µm) larger than bacterial cell diameter (<2 µm), is entirely 
suitable for applications that envisage the development of materials with strong biocidal activity. 
In addition, the large surface area is an important advantage to promote bacterial killing upon 
contact. 
 




Figure 4.3- SEM micrographs of surface and cross-sections of the CHT native scaffold and antimicrobial 
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Figure 4.4 exhibits the stability of the scaffolds in PBS solution during 63 days. The addition of 
oligo(2-oxazoline)s to the blend clearly improved the stability of the materials when compared to 
a CHT native scaffold. The CHT native scaffold presented a higher swelling ratio than the 
antimicrobial oligo(2-oxazoline)s-enriched CHT scaffolds, and its expanded 3D structure was be 
the most fragile. After 63 days at 37 ºC, all antimicrobial oligo(2-oxazoline)s-enriched CHT 
scaffolds, except CE8020, proved to be highly stable, maintaining 90 % of the initial weight, 
suggesting that the scaffolds can be reused in antifouling applications. These results also show 
that the materials are physical blends where the antimicrobial oligomers are immobilized within 
the cross-linked CHT network. The fast degradation of the CE8020 scaffold can be correlated 
with the easier leaching of oligomer E from the network. Due to the linearity of oligomer E its 
diffusion through the network should be facilitated, comparated to oligomers M and B (oligomer 
M has pendant groups along the backbone and oligomer B is a branched oligomer). 
 
Figure 4.4 - Structure stability of the native CHT scaffold and the antimicrobial oligo(2-oxazoline)s-
enriched CHT scaffolds in PBS solution (pH 7.4) during 63 days. 
4.4.3. Protein adsorption assays 
Specific proteins, namely adhesins, are necessary for the initial attachment that constitutes the 
first step of biofilm development, therefore protein adsorption assays can be used to assess the 
efficacy of the fouling resistance of materials.134 Antifouling assays were performed by 
determining the adhesion profiles of BSA, a model protein. The BSA retained in the scaffold was 
calculated through the difference between BSA concentration in the initial solution and BSA 
quantified in both loading (BSA in the medium) and recovery step (BSA recovered – reversible 
































Figure 4.5 - BSA adhesion profiles (BSA in the medium, recovered and retained (%)) for the native CHT 
and the different antimicrobial oligo(2-oxazoline)s-enriched CHT scaffolds. Percentage values are 
indicated in the histogram. All protein percentage values were normalized to the weight of the scaffolds. 
 
Figure 4.5 shows that addition of oligomers M and E to the scaffold led to a decrease in the BSA 
remaining in the medium while oligomer B led to an increase of BSA in the medium. This means 
that incorporation of oligomer B to CHT improved the protein repellent properties of the scaffold. 
Moreover, the increase of B ratio from 10 to 20 % in the scaffold composition resulted in a twofold 
increase in the recovery of adsorbed BSA. Since the addition of oligomer B allowed a better 
protein-repellent profile, CB8020 becomes the most promising of the tested scaffolds for anti-
biofouling applications if bacterial adhesion can be precluded by the removal of the attachment 
platform.  
4.4.4. Bacteria viability after direct exposure to scaffolds 
To test the biological relevance of findings previously discussed and to characterize the ability of 
the scaffolds to kill bacteria upon contact, bacterial viability after direct exposure to antimicrobial 
oligo(2-oxazoline)s-enriched CHT surfaces was evaluated using E. coli and S. aureus.  
The viability of bacterial cells was assessed by incubating the materials in medium containing 
approximately 105 cells. After incubation, the medium was plated and the number of colony 
forming units was counted to assess bacteria viability. Two assays were carried out in parallel to 
study the impact of stirring on bacterial killing (Figure 4.6(a)). Scaffolds containing antimicrobial 
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activity when the medium containing bacteria is stirred, given that stirring ensures a homogeneous 
and continuous contact between bacteria and the 3D scaffold. 
The leaching properties of antibacterial materials is of great relevance, as leached biocide will 
lead to a loss of biocidal activity, to additional problems related with cytotoxicity of the released 
agent, as well as to the possible development of resistance in the presence of sub-inhibitory 
concentrations of biocide in the medium. To evaluate the presence of leached biocide, medium 
that was in contact with the scaffold was collected and inoculated with bacteria. The ability to 
inhibit bacterial growth at 37 ºC was then assessed (Figure 4.6(b)). 
 
 
Figure 4.6 - Schematic representation of the methodology used to assess killing activity of scaffolds. (a) 
Bacterial viability after direct exposure to the scaffolds. The well containing the scaffold and culture 
medium was inoculated with bacteria (105 cells) and the influence of stirring on the reduction in bacterial 
viability was assessed after 1h and 18h by CFU counting. (b) Evaluation of the presence of leached 
biocide from the scaffold. The well containing the medium exposed to the scaffold was inoculated with 
bacteria (105 cells) and the presence of leached biocide in the medium was assessed by the presence or 
absence of bacterial growth.   
 
 
In addition, in order to ensure that the scaffolds were not colonized with bacteria, the 3D structures 
were placed in medium at 37 ºC. No visible bacterial growth was observed after 24 hours, 



































Figure 4.7 - Killing of (a) S. aureus and (b) E. coli by direct exposure to biocidal chitosan-based 
scaffolds. The results are presented in a logarithmic scale as the reduction in number of viable cells mg-1 
of scaffold used (1 log stage = a reduction of 90 %, 2 log stages = a reduction of 99 %, 3 log stages = a 
reduction of 99.9 %).  
 
 
Incubation of bacterial cells, with stirring, in the presence of the native CHT scaffold killed <50 
% of S. aureus cells (<0.5 log reduction). Addition of oligomer M did not improve the 
antibacterial properties of the chitosan-based scaffold. In marked contrast, addition of oligomer 
B into the blend improved the material antibacterial performance. After 18 h, the scaffold reduced 
the viability of S. aureus cells by close to 99 % with or without stirring, indicating that stirring 
does not greatly increase the killing activity against these gram-positive bacteria.  This could 
indicate that the killing activity observed was mainly due to the release of the antimicrobial agent 
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had antimicrobial activity as it was shown to kill S. aureus cells. Importantly, this data does not 
determine the extent of leaching of oligomer B from the scaffold (which seems low, based on the 
stability tests) but they merely indicates that the amount of leached oligomer B is sufficient to kill 
planktonic bacteria in these experimental conditions. The increase in oligomer B content in the 
scaffold composition led to increased antimicrobial activity. Incorporation of oligomer E into the 
chitosan blend resulted in a scaffold whose killing activity was not significantly dependent on 
stirring, suggesting that the killing mechanism is not dependent on contact. The fact that >90 % 
of bacteria were killed within 1 hour could be due to the rapid release of this oligomer from the 
3D matrix to the medium, in agreement with the data obtained in the stability tests in PBS. 
Additionally, the medium exposed to this scaffold had killing activity against S. aureus (Figure 
4.7(a) and Table 4.2Table 4.2 - S. aureus and E. coli growth (+) or killing (-) in medium previously 
exposed to the scaffold.). 
Killing of E. coli in the presence of native CHT and CHT-based scaffolds containing oligomer M 
was similar to that of S. aureus. However, the effect of the addition of oligomer B to the 
antimicrobial performance of the scaffolds was strongly influenced by the presence or absence of 
stirring. Upon stirring, 1 mg of scaffold containing 20 % of oligomer B was able to reduce viable 
E. coli by almost 99.9 %, while in the absence of stirring this reduction was <68 %, suggesting 
that scaffolds containing oligomer B killed the Gram-negative bacterium E. coli upon contact. As 
previously discussed in the scaffold characterization section, oligomer B should be preferentially 
positioned at the matrix interface, directing its chains to the surface of the pores thus being more 
accessible to the bacteria. This fact emphasizes the substantial killing ability upon contact with 
this scaffold compared to those containing oligomer M.  Scaffolds containing oligomer E also 
decreased bacterial viability but the oligomer released to the medium had a major contribution to 
this effect, as confirmed by additional tests where medium exposed to the scaffolds had killing 
















Table 4.2 - S. aureus and E. coli growth (+) or killing (-) in medium previously exposed to the scaffold.  
 
S. aureus  E. coli 
Scaffold 1/1 1/2 1/4 1/8  1/1 1/2 1/4 1/8 
CHT + + + +  + + + + 
CM9010 + + + +  + + + + 
CM8020 + + + +  + + + + 
CB9010 - + + +  + + + + 
CB8020 - + + +  + + + + 
CE9010 + + + +  - + + + 
CE8020 - - - -  - - - + 
Notes: Bacterial killing indicates the presence of leached biocide in the medium (dilution 1/1). Sequential 
twofold dilutions were performed (dilutions 1/2, 1/4 and 1/8) to assess the ability to kill bacteria. 
 
The differences observed in the killing activity of 3D structures against different bacterial species 
can be justified by the different cell wall structure of Gram-negative and Gram-positive bacteria. 
In a previous work,48 it was hypothesized that antimicrobial oligo(2-oxazoline)s can inhibit the 
growth of the Gram-negative bacteria E. coli, by acting at the outer membrane while for S. aureus 
the antimicrobial oligomer needs to difuse through the thicker peptidoglycan layer to be effective 
in the inner membrane. This diffusion would be impaired when the antimicrobial oligo(2-
oxazoline)s are immobilized in the blended scaffolds. To overcome this problem, oligo(2-
oxazoline)s should be located at the scaffold surface so that the antimicrobial group at the chain 
end can easily kill bacteria while covalently immobilized in the structure.  
 
4.5. Conclusions 
In order to develop 3D structures able to kill bacteria upon contact and prevent bacterial biofilm 
formation, oxazoline-based antimicrobial oligomers were blended into CHT scaffolds produced 
by a freeze-drying technique followed by a scCO2-assisted process. By varying the antimicrobial 
polymer concentration in the casting solution, the hydrophilicity, permeability, BSA adhesion 
profiles and bacteria killing activity of CHT-based scaffolds could be tuned. CB8020 was the 3D 
structure with best performance in repelling protein and killing bacteria upon contact. Moreover, 
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1mg of CB8020 scaffold was sufficient to kill 99.9 % of an initial E. coli inoculum of 5x105 CFU 
mL-1.  
For permanent antimicrobial effect, bacterial killing should occur upon contact. The development 
of new platforms is currently under study in order to improve mobile antimicrobial group density 
on the surfaces of materials, an important requisite for a highly active scaffold that kills different 
bacterial species upon contact. During recent years, several approaches have proposed for the 
removal or prevention of biofilm formation on surfaces. Some have had variable and short 
success, particularly so in biomedical field where the development of resistance by 
microorganisms after continued exposure to a specific antibiotic is a reality. Thus, the 
incorporation into a biomaterial of cationic oxazoline-based antimicrobial oligomers with proved 
broad-spectrum activity and rapid killing times represents an excellent anti-biofouling platform 
and a unique strategy to avoid the development of microorganism resistance in the context of 
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Water is one of the most valuable resources today and its purity is crucial to health and society 
well-being. The access to safe drinking water is decreasing in the world, which can have a huge 
socio-economic impact especially in developing countries, more prone to water-associated 
diseases. The goal of this work was to develop an innovative, fast and cost-effective 3D material 
capable of decontaminating water. We have used an eco-friendly strategy, combining plasma 
surface activation and supercritical fluid technology to produce, for the first time, a 2-oxazoline-
grafted 3D surface with broad-spectrum contact-active antimicrobial properties. Oligo(2-methyl-
2-oxazoline) quaternized with N,N-dimethyldodecylamine and grafted to a chitosan (CHT) 
scaffold (CHT-OMetOx-DDA) efficiently and quickly (<3 min) killed >99.999 % of 
Staphylococcus aureus and Escherichia coli cells upon direct contact and avoided bacterial 
adhesion to the materials surface, which is important for the prevention of biofilm formation. As 
a proof of concept, CHT-OMetOx-DDA scaffold was demonstrated to be suitable for water 
purification efficiently killing the microorganisms present in different water samples within 
minutes of contact and without leaching to the water. Additionally, we report for the first time a 
new method to clearly distinguish two mechanisms of action of bioactive surfaces: contact-active 
and releasing systems. 
 
5.2. Introduction 
Water biocontamination can severely influence human health. There is an urgent need of new and 
effective solutions able to achieve safe drinking water quality.135 The Center for Disease Control 
and Prevention (CDC) from the United States reported 33 drinking water–associated outbreaks 
during 2009-2010, comprising 1040 cases of illness, 85 hospitalizations, and 9 deaths. These 
drinking water-associated diseases were related to the presence of Legionella in plumbing systems 
(57.6 %), untreated ground water (24.2 %), and deficiencies of the distribution system (12.1 %).136 
Conventional chemical processes used in drinking water purification rely on the use of chemicals, 
such as free chlorine, to significantly reduce the microorganisms present in the source water to a 
level that represents a negligible risk to the general population. However, these processes usually 
represent low protection against some viruses and parasites, their effectiveness is dependent on 
the presence of certain organic and inorganic compounds, there is a potential long-term 
carcinogenic effect of chlorination by-products and the long-term effect of discharging 
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dechlorinated compounds to the environment is unknown.137 Ineffective bacterial 
decontamination processes have a great impact especially in developing countries where 
microbial diseases transmitted by water or lack of hygiene facilities constitute a major health 
problem.  
A second area requiring the development of new materials with antibacterial activity is the 
prevention of biofilm formation. The unspecific absorption of substances or adhesion of bacteria 
to surfaces can lead to the formation of biofilms, which are intrinsically more resistant to 
antimicrobial agents and can alter the performance of a material.138–140 Frequently, development 
of resistant bacterial species implies the use of higher doses of chemicals to achieve 
disinfection.141 Recently, the use of alternative solutions like bacteria repelling and antiadhesive 
surfaces, materials with intrinsic antibacterial properties, antibacterial coatings, nanostructured 
materials, and molecules interfering with bacterial biofilm has been the focus of important 
research.142–149 When assessing the performance of these materials it is important to consider the 
ability of the modified surfaces to eliminate a microbial threat upon contact57 without 
leaching31,150 and without the accumulation of killed microbes on the coated surface, which 
reduces antimicrobial activity over time.151 Therefore, reusable and biocompatible new materials 
that impair formation of toxic byproducts and biofilms should be developed for disinfection and 
large spectrum microbial control. Ideally, the new alternatives should meet the principles of green 
chemistry by avoiding the use of hazardous solvents or reagents. 
Polyethylene glycol (PEG) is a widely used polymer for substrates modification to obtain 
biocompatible coatings.140,152,153 Recently, polyoxazolines (POXs) were described as 
biocompatible alternatives to PEG51,154 and as an attractive new class of compounds for potential 
applications in the biomaterial field.155 Commonly, biocompatible and biodegradable polymers 
of this class are synthesized by living cationic ring opening polymerization (CROP), allowing an 
excellent control in terms of chain length, polymer architecture, polydispersity and end-chain 
functionality.48 Over the last years, the impact of different start- and end-chain functionalities in 
POXs antimicrobial activity has been assessed.48,52,53,156,157 More recently, coating and 
modification of different surfaces with POXs has started to be reported in the literature for 
antifouling applications. However, materials coated with POX do not actively kill the bacteria, 
but merely prevent bacterial adhesion by changing material properties such as hydrophobicity. 
This constitutes a so-called biopassive approach, where the coating has repellent and antiadhesive 
characteristics than prevent bacterial colonisation.58,73,158,159 Biopassive coating with POXs has 
the advantage of being easy to accomplish; by the end of the CROP, a living polymer is obtained 
that can be put in contact with a surface with functional groups that will react with the POX living 
polymer in an inert atmosphere. Hence, immobilization of POXs has, for now, been reported 
mainly as a grafting to approach (Figure 5.1A). 
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Modification of surfaces with POXs, not only to repel bacteria and avoid biofilm formation, but 
also to actively kill microorganisms (a so-called bioactive approach, Figure 5.1C) would be a 
major contribution to the development of new antimicrobial surfaces. In fact, POX can be 
modified to acquire antimicrobial activity, for example through the introduction of an 
antimicrobial group, such as quaternary ammonium groups, at the end of POX chains.  
We have previously synthesized a library of ammonium quaternized oligo(2-oxazoline)s (OOXs) 
and characterized their antimicrobial activity to select the most promising oligomers for 
antimicrobial applications.48 OOXs are a class of oligomers which can be synthesized by a 
sustainable synthetic route using supercritical carbon dioxide (scCO2). Accordingly, their 
syntheses avoid the use of organic solvents and the need of downstream purification steps, 
resulting in green and less pollutant processes. Antimicrobial OOXs are biocompatible, active 
against fungi and a broad spectrum of bacteria, have short killing times and are believed not to 
generate resistant bacteria,48 making them suitable for biomedical and water treatment 
applications. We have previously blended antimicrobial oligomers within polymeric matrices.81 
These materials were active against Gram-negative bacteria but not against Gram-positive 
bacteria, such as S. aureus, possibly because of the type of immobilization and the homogeneous 
distribution of the antimicrobial OOXs across the material and not only at its surface. This type 
of immobilization impairs oligomers access to the S. aureus membrane due to the presence of a 
thick peptidoglycan layer. The main challenge therefore is to immobilize OOXs only at the 
surface of the scaffolds, using green technologies. For that purpose, OOXs should be grafted not 
through the reactive end-chain (the living polymer) but through the opposite end-chain, so that 
the living polymer can be later functionalized with the antimicrobial group. In this way, the 
antimicrobial group would be located at the exterior of the thin coating film so that it can access 
and kill bacteria in the surroundings of the coated material. 
In this work, ammonium quaternized oligo(2-oxazoline)s were, for the first time, covalently 
grafted onto 3D shaped polymeric chitosan scaffolds using a grafting from approach (Figure 
5.1B). The covalent immobilization was performed using only green procedures, namely scCO2 
and plasma treatment. 82,83,160 In order to clearly elucidate if the produced bioactive surfaces killed 
the bacteria by mere contact or by releasing the antimicrobial agent to the medium, a new method 
to distinguish both systems was used and it is herein reported for the first time. CHT-OMetOx-
DDA efficiently killed S. aureus and E. coli cells upon direct contact, prevented bacterial adhesion 
in the materials surface and, in test with water samples from different sources, showed to be a 
suitable material for water purification over 10 cycles of reuse, within minutes of contact and 
without leaching to the water.  




Figure 5.1 - Two different approaches to immobilize polymers to a surface: A) grafting to – involves a 
chemical reaction between a polymer chain and a complementary reactive group on a substrate surface; 
B) grafting from – involves a polymerization reaction initiated by a grafted molecule; C) classification of 
antimicrobial surfaces: i) biopassive approach - repelling system: the surface repels bacteria without 
killing them; ii) bioactive approach - releasing system: the antimicrobial polymer is released from the 
surface and kills bacteria; iii) bioactive approach - contact-active system: the bacteria are killed upon 
contact with the antimicrobial oligomer at the surface.  
 
5.3. Experimental Section 
5.3.1. Material 
Chitosan (CHT) (75-85 % deacetylated, Mw = 190–310 kg.mol-1), N,N’-methylenebisacrylamide 
(MBA), monomer 2-methyl-2-oxazoline (MeOx, purity>98 %), 2-ethyl-2-oxazoline (EtOx, 
purity >99 %), 2-isopropenyl-2-oxazoline (IsoOx, purity> 99 %), initiator boron trifluoride 
diethyl etherate (BF3.OEt2), ammonium persulfate (PSA), N,N,N,N-tetramethylethlenediamine 
(TEMED), glacial acetic acid (purity ≥ 99 %), phosphate buffered saline (PBS) and bovine serum 
albumin (BSA, purity ≥98 %) were purchased from Sigma-Aldrich. The monomer 2-bisoxazoline 
(BisOx) was synthesized following a procedure described by H. Witte et al.95 N,N-
dimethyldodecylamine was purchased from Fluka. Ethanol (p.a.) was purchased from Pancreac. 
Glutaraldehyde 25 % (v/v) was purchased from Carl Roth. Mueller-Hinton broth medium was 
purchased from Oxoid. Bacto yeast extract medium and Bacto agar were purchased from BD 
Bioscience. Carbon dioxide was supplied by Air Liquide with a purity of 99.998 %. All materials 
and solvents were used as received without any further purification.  
  Chapter 5 
79 
 
5.3.2. Scaffolds preparation 
Chitosan (CHT) scaffolds were prepared by the freeze-drying method.131 Briefly, the casting 
solutions with concentrations of 3 % (w/v) were prepared by dissolving chitosan in acetic acid 1 
% (v/v) at room temperature under stirring. A crosslinking agent (MBA, 2 % w/w) was also added 
to the mixture. The homogeneous solutions were cooled and 74 µL PSA solution (0.1 g.mL-1) and 
46 µL of TEMED were added to the mixtures and stirred overnight. The solutions were then 
placed in sample tubes with an inner diameter of 1.2 cm and 3 cm height. The sample tubes were 
freeze-dried at -20 ºC during 20 minutes. Afterwards, the scaffolds were washed with ethanol in 
order to remove remaining crosslinker.132  
5.3.3. Scaffolds surface activation with plasma technology 
CHT scaffolds were activated by argon plasma treatment for further grafting with OOXs in 
supercritical carbon dioxide. The plasma treatment was carried out in a radio frequency plasma 
reactor (Plasma system FEMTO, version 5). Polymeric structures were introduced in the plasma 
chamber which was thoroughly purged with a continuous flow of argon to reduce trace amounts 
of air and moisture. Samples were placed on the top of a porous network in order to assure a 
homogeneous activation of all surface area (from the top to the bottom). During the treatment, the 
argon flow was adjusted in order to keep a constant pressure of 0.1 MPa inside the chamber. A 
power of 60 W was applied during 10, 20 or 30 minutes. At the end of the experiment, the plasma 
chamber was ventilated and the samples were immediately introduced in the high pressure cell to 
be coated.  
5.3.4. Scaffolds grafting with ammonium quaternized oligo(2-oxazoline)s 
CHT scaffolds were placed inside the high pressure cell and scCO2 was used as a solvent to carry 
the monomer to the activated polymeric substrates. The interior of the high pressure cell is divided 
in two parts with a porous structure in order to avoid any contact of polymeric structures (in the 
top compartment) with the monomer (placed in the bottom compartment). Weighted CHT 
scaffolds were coated in the presence of an excess of 2-isopropenyl-2-oxazoline in scCO2 for 24 
hours and 40 ºC, and then thoroughly washed with fresh CO2 to remove unreacted monomer.  
After that initial grafting step, another oxazoline monomer was added to the high pressure reactor 
(MeOx, EtOx or BisOx) together with the initiator. The reactions took place at 18 MPa, 65 ºC 
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during 20 hours. In the end, a tertiary amine was added to the reactor and the reaction occurred at 
18 MPa, 40 ºC, 20 hours (Figure 5.2). In all the reactions, it was assumed that the yield was 100 
% and monomer added in excess to assure that there was not any limiting step. Oligo(2-methyl-
2-oxazoline) quaternized with N,N-dimethyldodecylamine (OMeOx-DDA), oligo(2-ethyl-2-
oxazoline) quaternized with N,N-dimethyldodecylamine (OEtOx-DDA) and oligo(2-




Figure 5.2 - Schematic illustration of the grafting procedure comprising oligomerization and 
functionalization in scCO2. The high pressure cell is divided in two parts with a porous structure in the 
middle. A) activated polymeric structure (in the upper part) is separated of the linker molecule, 2-
isopropenyl-2-oxazoline (placed in the lower part). B) scCO2 is added to the high pressure cell, an 
homogeneous distribution of the linker molecule is attained in the reactor and the linker reacts with the 
activated surface; C) unreacted linker molecules are vented from the cell, 2-substituted-2-oxazoline 
monomer and initiator are added to the reactor and oligomerization takes place; D) oligomerization ends, 
and free oligomer is precipitated at the bottom of the reactor; E) functionalization molecule, N,N-
dimethyldodecylamine, is added to the reactor and end-capps both grafted and free oligomer; F) unreacted 
monomer and functionalization molecule are washed out from the reactor and purified OOXs-DDA 
grafted scaffold and OOXs-DDA are obtained.  
 
5.3.5. Scaffolds characterization 
 The surface composition was studied by X-Ray Photoelectron Spectroscopy (XPS) using the 
non-monochromatic Al Kα radiation (hυ = 1486.6 eV) from a Kratos XSAM800 spectrometer. 
Operating conditions and data treatment are described elsewhere.161 Spectra were recorded by a 
Sun SPARC Station 4 with Vision software from KRATOS. Charge shift was corrected 
considering the binding energy (BE) of aliphatic carbon atoms, centred at 285 eV, as reference.162 
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Sensitivity factors used for quantitative analysis were as follows: 0.25 for C 1s, 0.42 for N 1s, 
0.66 for O 1s, 1.00 for F 1s and 0.13 for B 1s.  
ATR-FTIR spectra were recorded on a spectrometer BRUCKER - alpha. The Platinum ATR 
accessory contained a Ge ATR-crystal. All spectra (32 scans at 0.9 cm−1 resolution and rationed 
to the appropriate background spectra) were recorded at 25°C.  
The compression modulus of the scaffolds were determined with a tensile testing equipment 
(MINIMAT firm-ware v.3.1). Scaffold samples with length of 1 cm and width of 1 cm were 
compressed until their deformation. The used speed of testing was 1 mm.min-1. A full scale load 
of 20 N was used. The compression modulus was calculated from the slope of the linear portion 
of the stress-strain curve. All samples were tested in dry state at room temperature. Load 
compression graphs were obtained during testing and converted to stress strain curves applying 
two equations. Stress ( , N/m2) is calculated by dividing the applied force (F, N) per cross 
sectional area (A, m2) and Strain ( ) by dividing the change in length ( l, m) per the length 
between clamps (L, m). 
Scaffolds porosity and pore size distribution were determined by mercury porosimetry 
(micromeritics, autopore IV).  
The water fluxes were determined at 37 ºC and 1 atm. Due to the high porosity of the scaffold 
network no pressure was applied. Thus, Varian columns (with a capacity of 3 mL and an effective 
volume of 1.2 cm3) were packed with antimicrobial scaffolds and charged with 1 mL of distilled 
water. The run time was registered and at least three measurements of distilled water flux were 
recorded.  
Scaffolds stability in PBS solution (pH 7.4) was also evaluated by gravimetric analysis. Scaffolds 
samples were immersed in 10 mL of PBS at 37 ºC during 15 days. Samples were removed from 
the medium periodically, freeze dried for 24 hours and then weighted. A new PBS solution was 
always used after each freeze-drying step.  
Scaffolds morphology before and after grafting was recorded using scanning electron microscopy 
(SEM) in a Hitachi S-2400 equipment, with an accelerating voltage set to 15 kV. The scaffold 
samples were frozen and fractured in liquid nitrogen for cross-section analysis. All samples were 
coated with gold before analysis. 
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5.3.6. Antimicrobial testing 
 S. aureus NCTC8325-4 and E. coli AB1157 bacterial strains were grown in Mueller-Hinton broth 
medium (Oxoid). Cultures were grown overnight in broth at 37 ºC. Native CHT scaffold and 
coated CHT scaffolds were placed in 24-well plates containing, in each well, a volume of 1 mL 
of medium with a scaffold sample of approximately 1 cm2 of surface area. Each well was 
inoculated with 5 µL of bacterial culture (approximately 5x105 cells) and plates were incubated 
at 37 ºC to assess the viability of bacterial cells. After incubation (3, 5 and 10 min), the medium 
with bacteria was plated on Muller Hinton Broth agar and incubated at 37 ºC for 24 h, and the 
number of bacterial colonies was determined. The ability of the materials to kill bacteria upon 
contact was also tested. For that, the assays were repeated but this time using a 24-well plate with 
Transwell inserts and a filter (with a pore size of 0.4 µm) dividing the upper part containing the 
polymeric material and the lower part containing the bacteria (Corning, Transwell® permeable 
supports). Both experiments were performed in duplicate for both S. aureus and E. coli strains. 
The results were normalized per surface area of scaffold (cm2).  
5.3.7. Protein adsorption and anti-biofouling testing 
 A scaffold sample was immersed in BSA solution (1 mg.mL-1). Samples were withdrawn from 
the solution in order to evaluate the protein concentration in the medium after 48 h (loading step). 
At the end of the assays, the scaffolds were removed and washed with PBS in order to remove 
the BSA absorbed into the scaffold (recovery step). In parallel, and in order to evaluate the 
leaching of the antimicrobial polymer from the blend, the samples were placed in PBS solution 
(control). The absorbance at 280 nm was measured periodically. The protein percentage was 
normalized to the scaffolds weight. 
After the direct contact with bacteria during 18 h, scaffolds samples were washed with phosphate 
buffered saline (PBS) and fixed with glutaraldehyde 2.5 % (v/v) during 10 minutes. After 10 
minutes, scaffolds sample were washed with distilled water and dehydrated with aqueous 
solutions with increasing concentration of ethanol (ranging from 70 to 100 %). The presence of 
bacterial cells at the surface of CHT native scaffolds and OOXs-grafted scaffolds after 18 h of 
contact was recorded using scanning electron microscopy (SEM) in a Hitachi S-2400 equipment, 
with an accelerating voltage set to 15 kV. All samples were coated with gold before analysis. 
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5.3.8. Purification of contaminated water from environmental samples 
 Two different water samples were collected in the Barlavento region of the Algarve, in southern 
Portugal: one sample from a well (an underground source) and another one from a dam (surface 
water). Samples were collected to sterilized bottles and analyzed within 24 h after sampling, using 
the pour plate method. Samples were shaken vigorously in order to assure a homogeneous 
distribution of microorganisms and 1 mL of the sample (100) and of serial dilutions (10-2, 10-4, 10-
6) were added into a sterile Petri dish. 15 mL of the Yeast Extract molten agar (BD) at 45°C was 
poured, into the Petri dish containing the sample and the petri dish was gently swirled to mix 
evenly. After this, each petri dish was incubated at 36 °C and 20 – 22 °C for the appropriate 
incubation time, 48 h and 72 h, respectively. The number of total culturable microorganisms per 
mL was assessed in duplicate for each temperature. In parallel, water samples were incubated in 
direct contact with a scaffold sample of CHT-OMetOx-DDA with an approximate surface area of 
1-1.5 cm2 during 10 cycles of 5 min each cycle. The number of total colonies per mL was assessed 
in duplicate for each temperature and for cycles n=1, 5, 10. The reduction in viability of culturable 
microorganisms was normalized to the scaffold’s surface area. 
Yeast Extract Agar and the procedure complies with the recommendation of ISO 6222:1999.163  
 
5.4. Results and Discussion 
5.4.1. Chitosan scaffolds preparation 
 CHT scaffold surface was grafted with antimicrobial oligo(2-oxazoline)s combining two green 
technologies: plasma surface activation and further oligomerization and functionalization in 
supercritical carbon dioxide. Following our previous work,48 three different oligooxazolines 
(oligo(2-methyl-2-oxazoline), oligo(2-ethyl-2-oxazoline) and oligo(2-bisoxazoline)) quaternized 
with N,N-dimethyldodecylamine were selected to be attached to CHT polymeric surface. The 
CHT structures were prepared by freeze-drying using a 3 % (w/v) casting solution containing 
N,N’-methylenebisacrylamide as crosslinker. After this step, the surface of CHT native scaffolds 
was activated using a plasma technology, with argon as an inert gas. Immediately after, activated 
scaffolds, the monomer 2-isopropenyl-2-oxazoline (IsoOx) and carbon dioxide were added into a 
high pressure cell (Figure 5.3). IsoOx reacted with radicals at the materials surface, with scCO2 
used as a solvent. This monomer has the peculiar feature of having two polymerizable groups, as 
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it is able to react with radicals and initiate a radical polymerization, but also to polymerize by 
cationic ring opening polymerization (CROP) mechanism, therefore being a good linker molecule 
to attain our goal of grafting OOX not through the reactive end-chain, enabling the posterior 
OOXs end-chain functionalization. After this step, a different monomer (2-methyl-2-oxazoline, 
2-ethyl-2-oxazoline or 2-bisoxazoline) and an initiator (boron trifluoride diethyl etherate) were 
added to the high pressure cell and a cationic ring opening polymerization took place. At the end 
of the reaction, a grafted living oligomer was obtained and was quaternized by adding a tertiary 
amine. Fresh CO2 was then added in a continuous way to vent the unreacted monomer, initiator 
and tertiary amine from the reactor and the final products were purified. The grafted 3D materials 
were further characterized to evaluate the morphology as well as the mechanical, protein-repellent 
and antimicrobial properties.  
This supercritical-based procedure has several advantages when compared to more conventional 
grafting procedures, where the surface is soaked in an organic solution containing the solubilized 
monomer and initiator molecules, which have solvent diffusion limitations and require extensive 
purification steps in the end.  
 
 
Figure 5.3 - Chemical structures of chitosan (CHT), 2-isopropenyl-2-oxazoline (IsoOx) and grafted 
oligomers: a) linear oligomers: R=CH3: OMetOx-DDA- oligo(2-methyl-2-oxazoline) quaternized with 
N,N-dimethyldodecylamine; R= C2H5: OEtOx-DDA- oligo(2-methyl-2-oxazoline) quaternized with N,N-
dimethyldodecylamine; and b) branched oligomer : OBisOx-DDA- oligo(2-bisoxazoline) quaternized 
with N,N-dimethyldodecylamine.  
 
CHT native scaffold stands for the nongrafted scaffold. The OOXs grafted scaffolds will be 
described hereinafter as CHT-OMetOx-DDA as CHT grafted with oligomer OMetOx-DDA; 
CHT-OEtOx-DDA as CHT grafted with oligomer OEtOx-DDA; and CHT-OBisOx-DDA as CHT 
grafted with oligomer OBisOx-DDA. 
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5.4.2. Chitosan scaffolds characterization 
 FTIR-ATR data (Figure 5.4A) showed a large band around 1 636 cm−1 (amide groups from oligo-
2-oxazolines) present in all grafted scaffolds, which indicates the success of the grafting 
procedure. A weak band around 1738 cm−1 (carbamate group from CO2 insertion in oligo-2-
oxazoline chain) was observed for the CHT-OBisOx-DDA scaffold. Under scCO2 synthesis 
conditions, CO2 is partially incorporated in the oligomer chain in the starting end.29 OMetOx-
DDA and OEtOx-DDA were grafted to the CHT scaffold by the starting end and, consequently, 
the grafting procedure must have impaired this incorporation in both scaffolds. On the other hand, 
OBisOx-DDA is a branched oligomer and the carbamic acid incorporation could occur in one 
starting end of the branches. In OMetOx-DDA, the sharp bands centred at 1245 and 1430 cm-1, 
corresponded to, respectively, CH2 wagging and/or twisting vibration modes and asymmetric CH3 
deformations of the N,N-dimethyldodecylamine end groups.164 
 
 
Figure 5.4 - A) FTIR-ATR spectra for CHT native scaffold and grafted CHT scaffolds; B) N 1s, F 1s and 
B 1s XPS regions of CHT modified scaffolds after (from bottom to top) IsoOx activation for 30 minutes 
and grafted with OMetOx-DDA, OEtOx-DDA and OBisOx-DDA.  
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Scaffolds surface elemental composition was analyzed by X-ray photoelectron spectroscopy 
(XPS) technique. Firstly, the efficiency of 2-isopropenyl-2-oxazoline grafting was studied after 
different times of CHT surface plasma activation (10, 20 and 30 min) and data is described in 
detail in the supporting information. Secondly, the different OOXs-grafted CHT scaffolds were 
analyzed to confirm the success of the immobilization and quaternization at surface of the 
polymeric supports.  
 
 Table 5.1 - Binding energy (eV), [At. Conc.] (%), atomic ratios and assignments. 162  
 CHT+IsoOx (30 min)  
 +OMetOx-DDA +OEtOx-DDA +OBisOx  
C 1s 285.0 [33.9] 285.0 [47.2] 285.0 [54.8] sp3 
 286.1 [23.9] 286.1 [18.0] 286.6 [13.9] C-N and C-O 
 288.0 [9.8] 287.8 [7.4] 288.4 [4.8] N-C=O 
O 1s 531.3 [11.7] 531.2 [9.7] 531.5 [8.2] C=O 
 533.0 [3.4] 533.2 [2.4] 532.8 [11.6] C-O 
N 1s 400.0 [10.0] 399.9 [7.5] 399.9 [5.3] N-C=O, NH2 
 402.5 [0.7] 402.5 [0.9]  N+ 
F 1s 685.5 [4.9] 685.4 [5.5] 685.2 [1.5] BF4 
B 1s 193.8 [1.6] 193.7 [1.3]  BF4 
F/B 3.0 4.3   
F/C 0.07 0.08 0.02  
O/C 0.22 0.17 0.27  
N/C 0.16 0.12 0.07  
O/N 1.40 1.42 3.74  
 
 
The functionalization with the different oligomers was attested not only by C 1s and N 1s regions, 
but also by the presence of fluorine and boron: peaks centered at 685.4 ± 0.2 eV and 193.9 ± 0.2 
eV were assigned, respectively, to fluorine and boron in BF4– (Figure 5.4). The absence or residual 
relative amount of the counter ion BF4- showed that the functionalization with N,N-
dimethyldodecylamine was not effective in the OBisOx-grafted CHT scaffolds. Most likely, 
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OBisOx was end-capped with OH groups by air exposure. The experimental O/C ratio, computed 
for OBisOx-grafted CHT, was compatible with this hypothesis: while for OMetOx-DDA and 
OEtOx-DDA ratios, the experimental O/C were lower but close to the stoichiometric ones for 
MetOx and EtOx monomers (respectively: 0.25 and 0.20), the O/C = 0.27 of OBisOx revealed an 
excess of oxygen which was not expected for the living polymer (that would be 0.20 per 
monomer) ( Table 5.1).162 Henceforward, this scaffold will be referred to as CHT-OBisOx. 
Based on the F/C ratio, the sequence from the less to the more functionalized CHT is OBisOx < 
OMetOx-DDA  OEtOx-DDA (Table 5.1). The atomic ratio F/B also gives some insight on the 
DDA alkylic chains organization. Stoichiometrically, this ratio should be 4, but for OMetOx-
DDA, it was clearly lower than 4: this would only be possible if the BF4– counter-ions were 
covered by a well-organized, brush-like, overlayer of DDA aliphatic chains, which could be 
achieved by an ion location within pores; since the kinetic energy (KE  h-BE) of F 1s 
photoelectrons is much lower than the one for B 1s photoelectrons, the intensity of F 1s 
photoelectrons was much more attenuated than the B 1s photoelectrons intensity and the apparent 
atomic ratio becomes lower than its real value. For OEtOx-DDA, F/B ratio was, within the 
experimental error, equal to 4, which is compatible with the presence of more randomly tilted 
chains, that is, a less dense overlayer, which does not have a significant effect on the attenuation 
of F 1s photoelectrons, leading to a F/B ratio closer to the real one (Table 5.1). 
It is interesting to notice, that such difference between these two samples can also be inferred 
from the FTIR-ATR spectra (Figure 5.4A): the DDA vibration modes, identified at 1245 and 1430 
cm-1, were strongly active for OMetOx-DDA, presenting very weak intensities for OEtOx-DDA, 
which is consistent (regarding selection rules) with the DDA chains being mainly oriented 
perpendicular to the surface in OMetOx-DDA. 
The poor signal/noise ratio of B 1s in OBisOx (Figure 5.4B) is due to its very low sensitivity 
factor, ~1/8 of the F 1s factor, and to the fact that B:F = 1:4. Thence, at least a sum of 32 
acquisition sweeps would be needed to obtain a “readable” B 1s signal. However, such an 
extended irradiation would inevitably degrade the samples. Another sign of the poor 
functionalization of the OBisOx sample and even poor covering of chitosan by the polymer is the 
ratio O/N which should be 1 if just the covering oligomer was “seen” by XPS and 4 if the chitosan 
was uncovered: atomic O/N ratio was 1.4 for the OMetOx-DDA and OEtOx-DDA samples and 
3.7 for OBisOx (Table 5.1). As the functionalization of CHT-OBisOx with DDA was not attained 
successfully, this scaffold was not considered for the later antimicrobial assays. 
CHT native scaffold and OOXs-grafted CHT scaffolds were also characterized to assess the 
mechanical and morphological properties as well as water permeability. Data showed variations 
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in materials stiffness, average pore size diameter, porosity and water fluxes, depending on the 
grafted oligo(2-substituted-2-oxazoline)s. The obtained data was summarized in Table 5.2. 
 
Table 5.2 - Compression modulus, porosity, average pore size diameter and water permeability of the 










CHT 0.36±0.05 93±5 21±5 (14±4) x 10 
CHT-OMetOx-DDA 0.7±0.2 86±5 22±5 21±4 
CHT-OEtOx-DDA 1.5±0.3 80±5 29±5 52±5 
CHT-OBisOx 0.77±0.01 90±5 25±5 (13±2) x 102 
 
 
The mechanical properties of the scaffolds were slightly influenced by the antimicrobial oligo(2-
oxazoline)s grafted at the 3D surface. The grafting increased the compression modulus values 
and, therefore, the stiffness of the material. All the produced scaffolds were highly porous (more 
than 80 % of porosity) with a variation in the average pore size diameter between 21 and 29 µm. 
CHT native scaffold had an average pore size diameter of 21 µm which was maintained almost 
unaltered when OOXs were grafted to the native scaffold. The porosity of all grafted scaffolds 
decreased slightly relatively to the porosity of CHT native scaffold. Also, the OOX grafting 
significantly altered the water flux. The water flux increased for the CHT-OBisOx scaffold, 
relative to the CHT scaffold. All the oligo(2-substituted-2-oxazoline) used in this work are 
hydrophilic polymers and, as a result of the surface grafting, water flux permeability was expected 
to increase.133 In our previous work, the scaffold containing the oligomer OBisOx-DDA in the 
physical blend was also the scaffold with highest water flux value, probably due to the huge 
hidrophilicity of this oligomer and also to the endcapping with –OH groups.81 CHT-OMetOx-
DDA and CHT-OEtOx-DDA had lower water permeability, which can be justified by the 
decrease in the overall porosity of the 3D porous network for both scaffolds relatively to CHT 
native scaffold porosity. Moreover, the lowest value for water permeability was observed for 
CHT-OMetOx-DDA indicating that the immobilization took place, to some extent, within the 
pores and not only at the surface, as it was already suggested from the XPS results concerning the 
F/B ratio.  
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In order to test scaffolds structural integrity over long periods of time in solution, scaffolds were 
incubated in PBS during 15 days at 37 ºC. Figure 5.5A shows that the grafting of oligo(2-
oxazoline)s to the surface did not change the stability of the materials, when compared to a CHT 
native scaffold. The CHT native scaffold presented a higher swelling ratio than the antimicrobial 
oligo(2-oxazoline)s enriched CHT scaffolds, and its expanded 3D structure was the most fragile. 
After 15 days at 37 ºC, all antimicrobial oligo(2-oxazoline)s-grafted CHT scaffolds proved to be 
highly stable, suggesting that the scaffolds can be reused for some cycles. These results also show 
that the materials were successfully crosslinked and that the CHT scaffold was a stable polymeric 
network. Effective and stable platforms are needed to anchor the antimicrobial compounds, in 
order to reduce costs associated with early material loss and to prevent detrimental effects on 
human health and the environment, triggered by leaching (e.g. the use of nanoparticles for 
disinfection has significant limitations due to unsuccessful permanent immobilization 
technologies).141  
Scaffolds morphology was evaluated by scanning electron microscopy (SEM). SEM micrographs 
(Figure 5.5B) showed that scaffolds have elongated pores with high interconnectivity and porosity 
and that the surface was successfully coated (see cross-sections). The presence of the coating can 
also be observed in Figure 5.5C that clearly shows the immobilization of yellowish 2-oxazoline-
based oligomers at the scaffolds surface.  
CHT-OMetOx-DDA and CHT-OEtOx-DDA, combining high porosity and a large surface area, 
should be suitable for applications that require the development of materials with strong biocidal 
activity and the ability to kill upon contact.  
 
 




Figure 5.5 - A) CHT native scaffold and antimicrobial oligo(2-oxazoline)s-grafted CHT scaffolds are 
stable in PBS solution (pH 7.4) during 15 days as measured by gravimetric analysis; B) SEM 
micrographs of surface and cross-section of CHT native scaffold and different antimicrobial oligo(2-
oxazoline)s-grafted CHT scaffolds show elongated pores and dense surface coating on OOXs-grafted 
scaffolds; C) Photographs of the same CHT native scaffold (white) and OOXs grafted scaffold (yellow) 
showing the OOXs immobilization at the top and lateral side of the scaffold (left) and the OOXs 
immobilization at the surface but not in the interior of the scaffold after cross-section (right).  
5.4.3. Antimicrobial testing 
 The antimicrobial activity of OOXs-grafted CHT-scaffolds was tested using Gram-positive and 
Gram-negative bacteria, namely S. aureus and E. coli, respectively. 
Biocidal antimicrobial surfaces can be classified as contact-active or releasing systems. One 
approach to distinguish between both systems consists in testing for the presence of an inhibition 
zone of microbial growth, which occurs near the material if a biocidal compound is released and 
diffuses through an agar plate.165 However, the size and presence of an inhibition zone depends 
on many factors, including the quantity of released compound or release kinetics, and therefore 
the lack of a visible inhibition zone is not a conclusive proof for a contact-active mechanism of 
the antimicrobial. Another commonly performed assay consists in the measurement of microbial 
viability (by colony forming units, CFUs) in the surroundings of the material, assuming that, if 
the antimicrobial surface effectively kills bacteria, the CFUs will decrease.166,167 Alternatively, 
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loss of biocidal activity upon removal of the sample from the medium can be used as an indicator 
of a contact-active killing mechanism.168 Actually, previous research has shown that there is no 
assay that can clearly tell the difference between a contact-active and a release system.169 In this 
study we have developed a simple and direct method that clearly distinguishes between these two 
mechanisms. 
The bacteriocidal activity of the OOXs-grafted scaffolds was studied, using a 24-well plate, by 
determining the viability of bacterial cells after incubation, with stirring, of approximately 105 
cells in medium with the materials. After incubation (3, 5 and 10 min), the medium was plated 
and the number of colony forming units (CFU) was counted. The assays were done, in parallel, 
using a 24-well plate with Transwell inserts with a filter (with a pore size of 0.4 µm) dividing the 
upper part containing the OOXs-grafted scaffold and the lower part containing the bacteria 
(Figure 5.6A). If the scaffolds kill only on contact with bacteria, as we expect, they should not be 
active in this assay, given that the direct contact between the material and bacteria is prevented. 
On the contrary, reduction of bacterial viability would indicate leaching of the antimicrobial 
oligomer from the scaffold. Leached biocide would lead to a loss of the materials` antimicrobial 
activity over time, to chemical contamination related to the release of biocidal agent, and could 
also lead to the development of bacterial resistance in the presence of sub-inhibitory 
concentrations of biocide. In the literature, a recent work from Zeng et al. highlighted the 
development of a hydrogel with dispersed silver nanoparticles with fast killing times for water 
disinfection (killed 97 % of E. coli cells in 60 seconds). However, leaching of silver nanoparticles 
from the filter was always observed although in lower levels than the drinking water standards.147 
Also, the production of contact-active antimicrobial POXs coatings on glass slides by simple 
solution spreading and solvent air drying was previously described. The reported procedure 
involved several purification steps to produce a material able to kill S. aureus cells that was 
deactivated after usage, although the antimicrobial activity could be recovered by a self-polishing 
event in the presence of an enzyme. Moreover, this report does not rely in POXs grafting and, 
therefore, still meets significant limitations.59  
To ensure that the scaffolds were not previously colonized with bacteria, the CHT native and 
OOXs-grafted scaffolds were placed in medium at 37 ºC and no visible bacterial growth was 
observed after 24 hours, meaning that they were ready-to-use for bacterial assays after the 









Figure 5.6 - A) Schematic representation of the methodology used to assess scaffolds killing activity upon 
contact: (i) test for bacteria viability after direct exposure to the scaffolds – the well containing scaffold 
and culture medium was inoculated with bacteria (105 cells); (ii) test for bacteria viability after non-direct 
exposure to the scaffolds – the upper part in the well contains the scaffold and culture medium and the 
lower part with medium was inoculated with bacteria (105 cells), separated by a filter with a pore size of 
0.4 µm. B) Killing of (i) S. aureus and (ii) E. coli by direct exposure to OOXs-grafted scaffolds or non-
direct exposure using an insert in the well. The results are presented in a logarithmic scale as the 
reduction in number of viable cells per surface area of used scaffold (cm2) (1 log stage means a reduction 
of 90 %, 2 log stages means reduction of 99 %, 3 log stages means reduction of 99.9 %). Data above the 
threshold (dashed line) was not subjected to area normalization since killing percentage was higher than 
99.999 % in all assays, independently of the used surface area. C) BSA adhesion profiles (percentage of 
BSA in the medium, recovered and retained) for CHT native scaffold and different antimicrobial oligo(2-
oxazoline)s grafted CHT scaffolds. All protein percentage values were normalized to the scaffolds 
weight.  D) SEM micrographs of CHT native scaffold and CHT-OMetOx-DDA after 18h of direct contact 
with S. aureus and E. coli cells. 
 
Incubation of S. aureus cells in direct contact with CHT native scaffold did not cause a reduction 
of bacterial viability, as expected. However, grafting of oligomer OMetOx-DDA to the CHT 
native scaffold surface resulted in a reduction in bacterial viability of more than 99.999 % after 
only 3 minutes of contact. The immobilization of OEtOx-DDA in the CHT native scaffold also 
highly reduced S. aureus viability, but only after 10 minutes of contact. In contrast, no reduction 
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in S. aureus CFUs was observed for both scaffolds in the assays containing the Transwell Inserts. 
The fact that killing was only observed in the absence of the Transwell insert, i.e., when OOXs-
grafted scaffolds were in direct contact with cells, indicates that there was no significant leaching 
of the immobilized oligomers, OMetOx-DDA and OEtOx-DDA, to the medium. Therefore, the 
OOXs-grafted scaffolds kill S. aureus cells upon contact (Figure 5.6B).  
Incubation of E. coli cells with the CHT native and the OOXs-grafted scaffolds showed the same 
trend of results as for S. aureus. OOXs-grafted scaffolds kill E. coli cells upon contact and CHT-
OMetOx-DDA drastically reduced cells viability in less than 3 minutes, while CHT native 
scaffold did not greatly influence E. coli viability (Figure 5.6B).  
XPS data indicated that the grafting efficiency was similar for both OMetOx-DDA and OEtOx-
DDA, but CHT-OMetOx-DDA surface seems to be denser than that of CHT-OEtOx-DDA 
sample, presenting, most probably, brush-like alkylic chains, which are, in this way, more 
available to interact with bacteria. In fact, these oligomers, while grafted, showed to require 
different killing times for S. aureus and E. coli cells. Such a difference must also be related to the 
different minimum inhibitory concentration values (MIC) observed for both oligomers, where 
OMetOx-DDA required slightly less quantity then OEtOx-DDA to kill both bacteria. Therefore, 
CHT-OMetOx-DDA was more effective in reducing bacterial viability with the same amount of 
oligomer grafted at the surface, justifying the need of less time of contact to achieve the same 
reduction in the viability.  
In a previous work,81 it was hypothesized that antimicrobial oligo(2-oxazoline)s can inhibit the 
growth of the gram-negative bacteria E. coli, by acting at the outer membrane while for S. aureus 
the antimicrobial oligomer needs firstly to diffuse through the thicker peptidoglycan layer to be 
effective in the cell membrane. Also, when antimicrobial oligo(2-oxazoline)s were physically 
immobilized into a CHT native scaffold it was suggested that the diffusion through the 
peptidoglycan could be impaired when the antimicrobial oligo(2-oxazoline)s were immobilized 
by physical mixture in the blended scaffolds. To overcome this problem, it was suggested that the 
oligo(2-oxazoline)s should be grafted to the scaffold surface so that the antimicrobial group at the 
chain end could easily kill bacteria while covalently immobilized in the structure. The strategy 
presented in this paper was efficient to produce 3D matrixes with antibacterial activity against 
both Gram positive and Gram negative bacteria, after brief minutes upon contact. 
Additionally, it can be concluded that this type of chain grafting does not influence the broad 
spectrum antimicrobial activity of the quaternized oligomers and that the oligomer chain length 
is enough to act as a spacer to enable the antimicrobial quaternary ammonium compound to be 
active against both Gram-positive and Gram-negative bacteria. 
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5.4.4. Protein adsorption and anti-biofouling testing 
Protein adsorptions assays can be used to give a preliminary insight about the efficacy of the 
materials antifouling properties. Protein adsorption is one of the first steps in biofilm formation. 
Therefore the ability of a surface to repel protein can be used as an indicator for suitability of a 
material for anti-biofouling applications.134 Previously, poly(L-lysine)-graft-
poly(methyloxazoline) copolymers, PLL-g-PMOXA, were deposited onto silicon wafers by a 
simple dip-and-rinse procedure.58 These bioinert coatings were able to successful and 
quantitatively prevent protein adsorption. This result, together with the unique versatility of 
POXs, highlighted the possibility to develop nonfouling coatings presenting bioactive 
functionalities.  
Protein adsorption assays were performed using bovine serum albumin (BSA) as model protein. 
The BSA retained in the scaffold was calculated through the difference between BSA 
concentration in the initial solution and BSA quantified in both loading (BSA in the medium) and 
recovery step (BSA recovered – reversible fouling). Figure 5.6C shows that the grafting of 
oligomers OMetOx-DDA, OEtOx-DDA and OBisOx to the CHT scaffold led to an increase of 
BSA in the medium, i.e., the incorporation of oligo(2-oxazoline)s on the CHT surface improved 
the protein repellent properties of the scaffold. Given its capacity to decrease protein adsorption, 
the grafting of a material with antimicrobial OOXs is a promising strategy for antifouling 
applications.    
To assess the ability of the materials surface to repel bacteria and to resist cell adhesion, the 
presence of bacterial cells at the surface of CHT native and CHT-MetOx-DDA scaffolds was 
assessed by SEM micrographs after the direct contact with bacteria overnight (during 18 h). CHT-
OMetOx-DDA was selected as the scaffold with the most promising contact-active antimicrobial 
properties. By the analysis of the SEM micrographs, it can be observed that OMeOx-DDA 
grafting effectively avoided bacterial adhesion at the scaffold surface enabling its reuse (Figure 
5.6D).   
5.4.5. Purification of contaminated water from environmental samples 
 Samples from underground and superficial waters were collected and the number of total 
culturable microorganisms was determined at two different temperatures, 20-22 ºC and 36 ºC (in 
accordance with the recommendation of ISO 6222:1999).163 Given that microbiological viability 
can be influenced by several parameters as pH, hardness and dissolved salts, as well as the variety 
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of bacterial species present in the water samples, both water samples were characterized in terms 
of physicochemical characteristics which are detailed in the supporting information. 
The reduction in the number of CFUs present in the aqueous samples was assessed using CHT-
OMetOx-DDA during 10 cycles. Each cycle consists of direct contact for 5 min between an 
immersed scaffold sample and sequentially new samples of contaminated water – static assay. 
After 1, 5 and 10 cycles, contamination of water samples was evaluated by pour plate microbial 
counts (Figure 5.7).  
Both water samples were contaminated with a variety of microorganisms, either bacteria or fungi. 
The sample from the underground water, a well, had 204 ± 12 culturable microorganisms per mL 
at 20-22 ºC after 72 h and 129 ± 30 culturable microorganisms per mL at 36 ºC after 48 h of 
incubation. The sample from the superficial water, a dam, had 741 ± 55 culturable 
microorganisms per mL at 20-22 ºC after 72 h and 396 ± 9 culturable microorganisms per mL at 
36 ºC after 48 h of incubation.  
Scaffold CHT-OMetOx-DDA highly reduced the variety and number of microorganisms present 
in both water samples, after brief times of contact.  This scaffold was able to reduce > 87 % CFUs 
present in the well and > 74 % CFUs present in the dam. The scaffold slightly lost its ability to 
reduce the microorganisms viability after 10 cycles probably due to unspecific adsorption of 
molecules at the surface that could impair OOXs action (OOXs grafted scaffolds were able to 
shut down protein adsorption up to 20 % but did not avoid it completely). As a result, CHT-
OMetOx-DDA represents an excellent solution for water purification for 10 cycles through a 
simple static procedure where the scaffold is immersed in the water to be decontaminated. 
 




Figure 5.7 - Reduction in microorganism viability for two different environmental water samples (a well, 
an underground source, and another one from a dam, surface water) after direct contact with CHT-
OMetOx-DDA scaffold and incubation at 22 ºC or 36 ºC. Inset images show the initial variety of 




 The main objective of this work was the development of 3D shaped polymeric matrices with 
unique antimicrobial and antifouling properties, through eco-friendly techniques and procedures 
that meet the green chemistry principles.  
Two different oligo(2-oxazoline)s were successfully grafted into CHT scaffolds surface. CHT 
native scaffolds were produced by freeze-drying technique and the grafting procedure consisted 
solely in the use of non-hazardous chemical procedures: plasma activation followed by a scCO2-
assisted process for oligomer synthesis and quaternization. This type of grafting is a general 
procedure that can be applied to other types of materials, regardless of their 3D shape and 
chemical composition. 
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By varying the 2-substituted-2-oxazoline monomer grafted on the CHT matrices, it was possible 
to tune hydrophilicity, permeability, BSA adsorption profiles, bacterial surface adhesion and 
bacteria killing activity. CHT-OMetOx-DDA was the 3D polymeric matrix with the most 
promising antimicrobial properties against S. aureus and E. coli cells, since it required less time 
of contact between the material and bacteria to achieve a high viability reduction (3 min to achieve 
more than 99.999 % of killing). Moreover, in the presented case study with environmental water 
samples, this scaffold was able to achieve a high antimicrobial activity against a variety of 
different microorganisms with brief killing times and showed to be reusable for 10 cycles. 
Oxazoline-based antimicrobial oligomers, by gathering such unique and broad biocidal activity, 
are an excellent alternative for surface modification when aiming to develop materials for water 
purification or even of devices able to maintain sterility or with self-disinfecting properties in 
biomedical applications. Furthermore, considering an industrial application of this type of 
antimicrobial materials and the versatility of the involved techniques, the process can be easily 
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Bacterial membrane disruption is often described by two different models, the carpet model or by 
the pore-forming model.  In this paper, we study, for the first time, the mechanism of action of 
oxazoline-based antimicrobial oligomers synthesized in supercritical carbon dioxide: oligo(2-
methyl-2-oxazoline), oligo(2-ethyl-2-oxazoline) and oligo(2-bisoxazoline) end-capped with N,N-
dimethyldodecylamine and linear oligo(ethyleneimine) hypochloride, known by their broad 
spectrum of activity against several bacteria and fungi. 
Large unillamelar vesicles (LUVs) composed of cardiolipin, phosphatidylglycerol and 
lysylphosphatidylglycerol, containing either carboxyfluorescein or a mixture of Alexa488-dextran 
and Alexa633-maleimide, were used as a model for the S. aureus membrane. Leakage of the 
incorporated dyes was followed over time after putting the LUVs into contact with each oligomer, 
either by fluorimetry or fluorescence microscopy. Data indicates that OMetOx-DDA and OEtOx-
DDA act by a carpeting mechanism, whereas OBisOx-DDA and LPEI act by pore formation 
mechanism.  
Additionally, S. aureus cells in contact with OMetOx-DDA were observed by fluorescence 
microscopy, showing that the oligomer caused membrane damage compromising cell viability 
but not cell integrity.  
 
6.2. Introduction 
The mechanisms of membrane disruption have been intensely studied in the literature. In general, 
membrane disruption is believed to occur mainly via a detergent-like carpet mechanism (or 
carpeting mechanism) or through the formation of discrete pores.35 Different antimicrobial 
molecules may utilize different mechanisms to ultimately disrupt the microbial 
membrane.125,170,171 Additional factors such as the lipid-to-antimicrobial molecule ratio and the 
target membrane composition may also have an effect on the mechanism of membrane 
disruption.99 
In more detail, in the pore formation mechanism, the antimicrobial agent can form a pore that acts 
as a conductance channel that disrupts the transmembrane potential and its ion gradients. 
Consequently, it can lead to the leakage of cell components and cell death. Dissipation of the 
transmembrane electrochemical gradient causes a loss of the bacterial cell ability to synthesize 
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ATP and the increase in water and ion flow that accompanies loss of the permeability barrier leads 
to cell swelling and lysis.170 This mechanism requires the antimicrobial agent to be sufficiently 
long to traverse the hydrophobic core of the bilayer, and implies a direct contact between the 
antimicrobial agent molecules upon channel formation.172 On the other hand, in the carpeting 
mechanism, the antimicrobial agent accumulates at the bilayer surface like a carpet and, above a 
threshold concentration of the antimicrobial agent, the membrane is permeated and disintegrated 
in a detergent-like manner without the formation of discrete channels.35 
Oxazoline-based polymers (POXs) have been pointed out as a more biocompatible alternative to 
the poly(ethylene glycol) (PEG), a polymer widely used in biomedical applications.24,154  POXs 
constitute a versatile class of biocompatible polymers and have the ability to generate functional 
materials, characteristics that are interesting for a wide range of applications.55 Commonly, POXs 
are synthesized by cationic living opening polymerization (CROP) which allows, by a simple 
manner, the functionalization of the polymeric chain with a molecule of interest.173 Besides the 
control of the end-chain functionality, this synthetic route by CROP allows also an excellent 
control over POXs chain length, molar mass distribution, monomer composition and polymer 
architecture.154  
In our group, oxazoline oligomers (OOXs) have been studied for the development of unique 
antimicrobial strategies using a green approach, in which the polymerization is carried out in 
supercritical carbon dioxide (scCO2) media.48 scCO2 allows the synthesis of oligomers with 
defined properties such as narrow polydispersity and high purity of the final products, a constant 
demand in the biomedical industry.23 Also, the screening of different potential antimicrobial end-
chain molecules to functionalize oligo(2-oxazoline)s was performed. Oligomers end-capped with 
N,N-dimethyldodecylamine revealed to have broad spectrum activity, low minimum inhibitory 
concentrations (MIC) values and fast killing rates,48 namely oligo(2-methyl-2-oxazoline), 
oligo(2-ethyl-2-oxazoline) and oligo(2-bisoxazoline) end-capped with N,N-
dimethyldodecylamine (OMetOx-DDA, OEtOx-DDA and OBisOx-DDA) and linear 
oligo(ethyleneimine) hypochloride (LPEI). Frequently, the development of new antimicrobial 
agents requires the assessment of their mode of action in bacterial cells. The type of antimicrobial 
end-capping functionality used is not completely new, although reports in literature still do not 
provide a clear understanding of antimicrobial mechanism.174 There are reports about the possible 
mechanisms of action of POXs similar to the ones synthesized in this work, suggesting that the 
main target of these antimicrobial agents is the membrane. It is proposed that the antimicrobial 
mechanism of these polymers involves interaction with the membrane surface, which causes 
localized disruption of the bacterial phospholipid membrane by the linear end-capper group.54 
Another interesting report used different liposomal systems as models for bacterial cell 
membranes that had different charge. It was described that the membrane disruption mechanism 
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of the polymers does not depend on the charge of the membrane and that the satellite effect of the 
distal nonbioactive groups is truly controlling the antimicrobial activity of the polymers.53 
Nevertheless, as antimicrobial activity and specificity can be influenced by several parameters 
such as size, sequence, charge, conformation and structure, hydrophobicity and amphipathicity,35 
it was necessary to assess the mode of action of the antimicrobial oligomers synthesized in this 
work. Techniques used to investigate the mechanisms of action of antimicrobial peptide activity 
usually include microscopy, model membranes and fluorescent dyes.35,175 
Herein, the leakage of different fluorescent markers encapsulated in large unilamelar vesicles 
(LUVs) after the addition of four different oligomers was followed (Scheme 6.1). Vesicles were 
composed by cardiolipin, phosphatidylglycerol and lysylphosphatidylglycerol in a molar 
proportion that mimics S. aureus bacterial membrane composition at the exponential phase.176 
The carboxyfluorescein leakage from LUVs experiments using fluorescence spectroscopy 
combined with the real-time tracking of both Alexa488-dextran and Alexa633-maleimide release 
using microscopy gave an insight of the oligomers mechanism of action. 
Moreover, the direct visualization of S. aureus bacterial cells after addition of the compounds 
using wide-field and super-resolution microscopy was also performed. In combination, both can 
provide hints about the mechanism of action.  
 
 
Scheme 6.1 - Chemical structure of the 4 oxazoline-based oligomers studied. R=CH3 for OMetOx-DDA 
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6.3. Experimental Section 
6.3.1. Materials 
Cardiolipin (CL), phosphatidylglycerol (PG) and lysylphosphatidylglycerol (LPG) were 
purchased from Avanti Polar Lipids and were used without further purification.  Monomer 2-
methyl-2-oxazoline (MeOx, purity >98 %), monomer 2-ethyl-2-oxazoline (EtOx, purity> 99%), 
initiator boron trifluoride diethyl etherate (BF3.OEt2, synthesis grade) and vancomycin were 
purchased from Sigma-Aldrich. The monomer 2-bisoxazoline (BisOx) was synthesized following 
a procedure already described.95 N,N-dimethyldodecylamine was purchased from Fluka. Carbon 
dioxide was supplied by Air Liquide with a purity of 99.998 %. Oligo(2-methyl-2-oxazoline) 
quaternized with N,N-dimethyldodecylamine (Mw = 505 kg mol-1) (OMetOx-DDA), Oligo(2-
ethyl-2-oxazoline) quaternized with N,N-dimethyldodecylamine (Mw = 897 kg mol-1) (OEtOx-
DDA), oligo(2-bisoxazoline) quaternized with N,N-dimethyldodecylamine (Mw = 459 kg mol-1) 
(OBisOx-DDA) and linear oligoethylenimine hydrochloride (Mw = 558 kg mol-1) (LPEI) were 
synthesized as described previously.48 5(6)-carboxyfluorescein, Alexa488-dextran and Alexa633-
maleimide, propidium iodide and Nile Red were purchased from Invitrogen. Tryptic Soy Broth 
(TSB) medium was purchased from Difco. BODIPY FL conjugate of vancomycin (Van-FL) was 
purchased from Molecular Probes. Agarose was purchased from Bio-rad. All materials and 
solvents were used as received without any further purification. 
 
6.3.2. Preparation of carboxyfluorescein-loaded LUVs 
Large unilamellar vesicles were prepared by freeze-thaw and extrusion through polycarbonate 
filters (pore diameter 100 nm)177 in an extrusion device from Avanti Polar Lipids, Mini-Extruder 
Set and followed the procedure described by the manufacturer. Briefly, carboxyfluorescein 45 
mM solution was generated by dissolving the proper amount of the fluorescent marker in Tris-
HCl 20 mM, NaCl 150 mM, EDTA 1-mM buffer (pH 7.4 adjusted with NaOH 1 M). A lipid 
(CL/PG/LPG 0.65/1/0.36 mol ratio) solution in chloroform/methanol (2:1) was dried under a high 
vacuum drying overnight. This proportion mimics the S. aureus membrane composition at the 
exponential phase.176 The lipid film was rehydrated with the carboxyfluorescein 45 mM buffer, 
freeze-thawed for five cycles, and extruded 19 times. The free carboxyfluorescein was removed 
by ultracenfrigugation (five cicles of 80000 rpm, 30 minutes at 4 ºC). To ascertain the lipid 
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concentration after the ultracentrifugation step, phospholipid phosphorous was measured by the 
modified microprocedure of Barlett.178 
 
6.3.3. Measure of carboxyfluorescein leakage from LUVs 
The release of carboxyfluorescein dye from the CL/PG/LPG LUVs after oligomer addition was 
measured using Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies, California, 
United States) at excitation and emission wavelengths of 480 and 510 nm, respectively. 
Fluorescence intensity was continuously recorded after the desired amount of peptide solution 
was added to a 96-well plate containing the carboxyfluorescein-loaded LUVs. Leakage is 
expressed as a percentage relative to the total amount of dye released by addition of 1 % (v/v) of 
Triton X-100, which represented 100 % leakage, as described by Weinstein et al..179 Experiments 
were performed at least three times and maintaining the concentration of osmotic active particles 
in the same proportion inside and outside of vesicles. The time of presented release measuring 
was 15 min. Different molar ratio oligomer: LUVs were tested. Nisin 1mM was used as a control. 
 
6.3.4. Preparation of Alexa488-dextran/Alexa633-maleimide-loaded LUVs      
Large unilamellar vesicles were prepared by freeze-thaw and extrusion through polycarbonate 
filters (pore diameter 800 nm)177 in an extrusion device from Avanti Polar Lipids, Mini-Extruder 
Set. Briefly, Alexa488-dextran 1µM/Alexa633-maleimide 10µM solution was generated by 
dissolving the proper amount of the fluorescent markers in Tris-HCl 20 mM, NaCl 150 mM, 
EDTA 1-mM buffer (pH 7.4 adjusted with NaOH 1 M). A lipid (CL/PG/LPG 0.65/1/0.36 mol 
ratio) solution in chloroform/methanol (2:1) was dried under a high vacuum drying overnight. 
The lipid film was rehydrated with the buffer containing the dyes, freeze-thawed for one cycle, 
and extruded 19 times. The free fluorescent dyes were removed by ultracenfrigugation (five cicles 
of 80000 rpm, 30 minutes at 4 ºC). To ascertain the lipid concentration after the ultracentrifugation 
step, phospholipid phosphorous was measured by the modified microprocedure of Barlett.178 
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6.3.5. Quantification of Alexa488-dextran/Alexa633-maleimide leakage from LUVs      
The release of Alexa488-dextran and Alexa633-maleimide from the CL/PG/LPG LUVs after 
oligomer addition was quantified by fluorescence microscopy in an inverted Zeiss Axio Observer 
microscope equipped with a Photometrics CoolSNAP HQ2 camera (Roper Scientific). 
Fluorescence intensity was recorded at 0, 5, 10 and 20 min after the desired amount of peptide 
solution was added to the LUVs. The molar ratio oligomer:LUVs 100:1 was tested for all 
oligomers. Experiments were performed at least three times and maintaining the concentration of 
osmotic active particles in the same proportion inside and outside of vesicles. Several LUVs were 
followed as a function of time after peptide injection. The time of presented release measuring 
was 5, 10 and 20 min.  
Leakage is expressed as a percentage relative to the total amount of dye initially present in each 
LUVs, which represented 100 %. All leakage experiments were quantitatively analyzed using 
ImageJ software by taking the change in fluorescence intensity as the average gray value 
measured for each micrograph of Alexa488-dextran and Alexa633-maleimide inside LUVs after 
oligomer addition.180 Leakage of >= 50 % of fluorescent dye from the LUV over the course of the 
experiment was considered indicative of disruption and is presented in the graph. Triton X-100 1 
% (v/v) and nisin 1 mM were used as controls. 
 
6.3.6. Determination of liposomes size and zeta potential 
LUVs were prepared as previously described and extruded through polycarbonate filters (pore 
diameter 800 nm). The size and zeta potential of the CL/PG/LPG LUVs before and after oligomer 
addition was determined using Zetasizer Nano (Malvern). Experiments were performed at least 
three times. Size and zeta potential were measured immediately after addition of the oligomer, t 
= 0 min, and after 15 min. The experiments were performed maintaining the concentration of 
osmotic active particles in the same proportion inside and outside of vesicles. The molar ratio 
oligomer:LUVs 100:1 was tested for all oligomers. Triton X-100 1 % (v/v) and nisin 1 mM were 
used as controls. 
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6.3.7. Direct visualization of S. aureus viability and integrity after contact with 
OMetOx-DDA 
A 2 μl aliquot of an exponentially growing culture of S. aureus NCTC8325-4 was placed on an 
agarose pad of PBS 1 % (w/v) containing the oligomer OMetOx-DDA and propidium iodide. S. 
aureus NCTC8325-4 cells viability and integrity were assessed with an inverted Zeiss Axio 
Observer microscope equipped with a Photometrics CoolSNAP HQ2 camera (Roper Scientific). 
 
6.3.8. Direct visualization of cell wall and membrane integrity of S. aureus after 
contact with OMetOx-DDA in high resolution microscopy 
S. aureus NCTC8325-4 cells were incubated with the membrane dye Nile Red at a final 
concentration of 10 μg mL−1, for 5 min at 37 °C, with agitation (550 r.p.m.). S. aureus NCTC8325-
4 cell wall labelling with vancomycin was performed by incubating the cells for 2 min at room 
temperature with a mixture containing equal amounts of vancomycin and a BODIPY FL 
conjugate of vancomycin to a final concentration of 0.8 μg mL−1.  
A 2 μl aliquot of an exponentially growing culture of S. aureus NCTC8325-4 stained with Van-
Fl and Nile Red was placed on an agarose pad in PBS containing OMetOx-DDA. Cells were 
visualized by Super-resolution structured illumination microscopy, SR-SIM. SR-SIM imaging 
was performed using a Plan-Apochromat 63x/1.4 oil DIC M27 objective, in an Elyra PS.1 
microscope (Zeiss). Images were acquired using five grid rotations, with 34 μm grating period for 
the 561 nm laser (100 mW), 28 μm period for 488 nm laser (100 mW). Images were acquired 
using a Pco.edge 5.5 camera and reconstructed using ZEN software (black edition, 2012, version 
8.1.0.484) based on a structured illumination algorithm,181 using synthetic, channel specific 
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6.4. Results and Discussion 
6.4.1. Measure of carboxyfluorescein leakage from LUVs 
In order to determine the mode of action of the oligomers under study, large unillamelar vesicles 
(LUVs) with encapsulated carboxyfluorescein (CF) were prepared by extrusion and film 
rehydration (see methods). LUVs were prepared with a composition of cardiolipin, 
phosphatidylglycerol and lysylphosphatidylglycerol with a molar proportion of 0.65/1/0.36 to 
mimic the membrane composition of S. aureus cells growing in exponential phase.176 By 
monitoring the dynamics of CF release from the LUVs, we could infer the mechanism of action 
of each oligomer under study. (Figure 6.1). In the end of the assay, the addition of a detergent, 
Triton X-100, that completely solubilizes the membrane, allows  the quantification of total amount 
of the entrapped dye (100 % leakage). 
 
Figure 6.1 - Carboxyfluorescein leakage from LUVs as a method to study the mechanism of action of the 
oligomers under study. Carboxyfluorescein fluorescence is quenched above a certain concentration inside 
LUVs and fluorescence intensity can be measured over time when leaked and diluted in solution.182 Slow 
release of carboxyfluorescein indicates pore formation, while rapid and burst release of 
carboxyfluorescein may indicate a carpeting mechanism. 
 
LUVs were exposed to different molar ratios of oligomer: LUVs and carboxyfluorescein leakage 
was followed for 15 minutes (Figure 6.2). 
 




Figure 6.2 - Effect of antimicrobial oligomers on CL/PG/LPG LUVs permeability. Percentage of 
carboxyfluorescein release from LUVs after the addition of OMetOx-DDA, OEtOx-DDA and OBisOx-
DDA over 5, 10 and 15 min. As controls, nisin 1mM (a pore forming molecule) and Triton X-100 1 % 
(v/v) (a detergent) were used. Results were normalized by adding triton X-100 to provoke LUVs lysis in 
the end of each assay (100 % leakage). 
 
 
The leakage of carboxyfluorescein from CL/PG/LPG LUVs after the addition of different 
oligomer concentrations, is shown in Figure 2. The oligomers alter the hydrophobic/hydrophilic 
seal of LUV membranes allowing permeation of carboxyfluorescein. Also, the LUVs permeation 
is highly dependent on the used molecular ratio. OMetOx-DDA and OEtOx-DDA result in nearly 
50 % carboxyfluorescein leakage at the molar ratio of 100:1. A slightly higher leakage is observed 
for OEtOx-DDA for the molar ratio 50:1 and 10:1 when compared to OMetOx-DDA. OBisOx-
DDA also led to carboxyfluorescein leakage although in a lower percentage than the other 
oligomers. The leakage of carboxyfluorescein after LPEI addition was not evident during the time 
range of the assay, even when the assay time was extended to 240 min. In both tests, Triton X-
100 1 % (v/v) was added in the end to cause LUVs lysis, allowing quantification of the total 
amount of dye. Interestingly, carboxyfluorescein leakage was not detected suggesting that LPEI 
may strongly interact with LUVs, protecting them from Triton X-100 action and from lysis.    
Triton X-100 and nisin were used as controls. The addition of Triton X-100 to LUVs solution 
results in a burst leakage of carboxyfluorescein and proves its action as a detergent that solubilizes 
a lipidic vesicle.183 On the other hand, nisin is known to act by forming pores in the bacterial cell 
membrane184 leading to a slow release of carboxyfluorescein from the LUVs. 
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6.4.2. Quantification of Alexa488-dextran/Alexa633-maleimide leakage from LUVs      
Data obtained in the carboxyfluorescein assay gave us an insight on the mechanism of action but 
not a direct and clear information about it. With that purpose, an assay that allowed tracking of 
the oligomer-induced leakage of two co-encapsulated fluorescent dyes with different molecular 
weights from LUVs was performed. Ideally, differential release among different oligomers would 
be observed.  
The incorporation of both fluorophores, Alexa488-dextran (Mw 10,000) and Alexa633-maleimide 
(Mw ∼ 1300), inside the LUVs is useful to directly observe the time course of any effect on 
membrane permeability (Figure 6.3).175  
 
Figure 6.3 - Alexa488-dextran (green, Mw 10 000) and Alexa633-maleimide (red, Mw ~1300) leakage from 
LUVs. Red fluorophore release can indicate that the oligomer acts by forming pores in the membrane. 
Release of both fluorophores can indicate a formation of a big pore, if LUVs integrity is maintained, or a 
mode of action by carpeting if LUVs integrity is not maintained. Fluorophores different molecular 
weights indicate the size of the pore: if pores are formed, Alexa488-dextran will only leak through the 
large pores while Alexa633-maleimide is also able to leak from small pores. Release rates can also give an 
insight of the mechanism of action: slow release of both fluorophores – pore formation mechanism; fast 
release of both fluorophores – carpeting mechanism.  
 
All the experiments were carried out at with a solution containing a peptide/lipid molar ratio of 
100:1 where it was observed the highest percentage value of carboxyfluorescein leakage. As 
control, in the absence of peptide, the fluorescent dyes were not released spontaneously in a 
significant manner in the time frame of the assay. 20 LUVs were analysed after 5, 10 and 20 
minutes of contact with each oligomer. Oligomers where added to the LUVs solution immediately 
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before microscope quantification. It is necessary to remark that the time of analysis was obtained 
from experiments performed at the microscope in solid medium, where stirring was not possible.  
The effects of OMetOx-DDA, OEtOx-DDA, OBisOx-DDA and OEI on LUVs encapsulating the 
two fluorescent markers are shown in Figure 6.4.  
 
   
 
Figure 6.4 - Release of Alexa488-dextran (Mw 10,000) and Alexa633-maleimide (Mw ∼ 1300), inside the 
LUVs after addition of oligomers (t = 5, 10 and 20 min). Data obtained after nisin (1mM) addition is also 
shown for comparison. At the bottom, is shown the LUVs morphology after 20 min of exposure to each 
oligomer; LUVs in the absence of oligomer is also shown as control. Scale bar, 1 µm. 
 
 
After being exposed to OMetOx-DDA and OEtOx-DDA, LUVs leaked both fluorescent dyes in 
a similar manner and the leakage increased over time. This can indicate that these oligomers act 
by creating large pores in the membrane or by a carpeting mechanism. By analyzing the LUVs 
morphology, the mechanism of action is by carpeting mechanism as the LUVs have their integrity 
affected in the time range of the assay and in the tested molar ratio. It is important to mention that 
the immobilization of the LUVs in an agarose pad could slightly change the diffusion rate of the 
oligomers (when compared to the diffusion rate in solution) and could have impaired a faster 
action of OMetOx-DDA, justifying the difference observed when comparing to OEtOx-DDA. 
After addition of OBisOx-DDA, only the low molecular weight dye leaked from the LUVs. As 
the fluorescence intensity of the high molecular weight dye trapped inside the LUVs did not 
change, these results strongly suggest that this oligomer act by the formation of pores in the time 
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range of the assay and in the tested molar ratio.  After addition of LPEI, both dyes leaked from 
the LUVs. The release of both dyes occurred in a smaller percentage when comparing to OMetOx-
DDA and OEtOx-DDA suggesting a slower release rate that could indicate a pore formation 
mechanism with big pores. No visual change in the LUVs morphology was observed for both 
OBisOx-DDA and LPEI in the time range of the assay and in the tested molar ratio, confirming 
that the mechanism of action is by pore formation. 
A control performed with the pore-forming peptide nisin184 showed a similar behavior to OBisOx-
DDA. A control using Triton X-100 was also done but no LUVs were detected at the microscope, 
indicating that LUVs lysed immediately. Control experiments in the absence of the oligomers and 
in the time range of the assay (t = 20min) were performed and no change in the fluorescence 
intensity was observed, showing that the decrease in the fluorescence intensity is triggered by the 
action of the oligomers and not from dye photobleaching. Additionaly, LUVs maintained their 
morphology intact during the time range of the assay. 
 
6.4.3. Determination of liposomes size and zeta potential 
In order to assess the changes occurred in the LUVs size and surface, LUVs were characterized, 
using a Zetasizer equipment, before and after the addition of the oligomers. The experiments were 
carried out at a peptide/lipid molar ratio of 100:1, keeping in line with the observed highest 
percentage value of carboxyfluorescein leakage.  
 




Figure 6.5 - LUVs (A) diameter (nm) and (B) zeta potential (mV) immediately after oligomers addition (t 
= 0min) and after 15 minutes. LUVs diameter and zeta potential in the absence of oligomer are shown as 
a control at both t = 0 min and t = 15 min. Nisin 1mM and Triton X-100 1 % (v/v) were used as controls. 
 
 
LUVs had a mean diameter of 430 nm and maintained the diameter during the time range of the 
assay, 15 minutes. Immediately after the addition of OMetOx-DDA, the LUVs size increased to 
approximately 1µm. After 15 min, LUVs size could not be measured indicating that LUVs 
dissolved. Immediately after the addition of the oligomers OEtOx-DDA, OBisOx-DDA and 
LPEI, LUVs slightly increased in size. After 15 minutes, the same result was observed. As a 
control, nisin also caused a slight increase in the LUVs size at t = 0 and t = 15 min. LUVs size 
could not be measured after addition of Triton X-100, in accordance with previous results. 
LUVs surface charge was altered after addition of the oligomers. In all oligomers, the change in 
the charge occurred immediately after the contact with the oligomer, indicating that their action 
is really fast, and the result was maintained until t = 15min. LUVs not exposed to oligomers, 
maintained their surface charge (approximately, -30mV) showing that changes were exclusively 
caused by the action of the oligomers. All oligomers caused an increase in the surface charge, 
which was expected since oligomers are positively charge molecules. The contribution of all 
oligomers charge in solution was taken into account and subtracted to obtain the final value of 
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LUVs zeta potential. OMetOx-DDA and LPEI increased slightly the zeta potential value, and 
LUVs still presented a negative value. On the other hand, OEtOx-DDA and OBisOx-DDA altered 
the zeta potential to a positive value, which indicates a strong interaction with the negative charge 
of the LUVs. The decrease in the zeta potential after addition of nisin can be justified with the 
nisin negative charge in solution. Additionally, it was only possible to measure LUVs zeta 
potential immediately after Triton X-100 addition as it dissolves the LUVs rapidly.   
Both size and zeta potential values remained unaltered from t = 0 min to t = 15 min, showing that 
the action of the oligomers was extremely rapid and that it occurred during the early seconds of 
contact. 
 
6.4.4. Direct visualization of S. aureus viability and integrity after contact with 
OMetOx-DDA 
To assess S. aureus cell viability after oligomer action, cells were stained with propidium iodide 
that only enters cells if the membrane has been permeabilized.185   
S. aureus NCTC8325-4 cells were placed on an agarose pad containing OMetOx-DDA oligomer 
and propidium iodide (Figure 6.6). OMetOx-DDA was chosen to perform the later assays because 
it revealed to be one of the oligomers that caused the more drastic and faster effects on LUVs 
integrity. 
 




Figure 6.6 - Labelling of cells with propidium iodide (PI) to assess S. aureus NCTC8325-4 viability after 
addition of OMetOx-DDA. The cells are not viable 2 min after addition but maintain cell integrity. As a 
control, cells were exposed to PI in the absence of oligomer. Scale bar, 1 µm. 
 
Immediately after the addition of OMetOx-DDA, S. aureus cells appeared labeled with propidium 
iodide but maintained their normal shape. Therefore, cells lost their viability but maintained their 
overall integrity showing that OMetOx-DDA targets the membrane, apparently without 
compromising the cell wall. 
  
 
6.4.5. Direct visualization of cell wall and membrane integrity of S. aureus after 
contact with OMetOx-DDA in super resolution microscopy 
To directly visualize the target of OMetOx-DDA, the bacterial cell membrane, S. aureus 
NCTC8325-4 was labelled with Van-FL to stain the bacterial cell wall and Nile Red to stain the 
bacterial cell membrane. S. aureus cells were then placed on an agarose pad containing OMetOx-
DDA oligomer and visualized by super-resolution structured illumination microscopy, SR-SIM 
(Figure 6.7). 





Figure 6.7 - S. aureus NCTC8325-4 cell wall and membrane integrity was assessed by direct 
visualization. Cells were labeled with Van-FL (green panel, labels cell wall) and Nile red (red panel, 
labels membrane). At the bottom, channels were merged. Left panels show S. aureus cells and right 
panels show the effect of OMetOx-DDA on S. aureus cell wall and membrane integrity. Cell wall 
maintained the integrity while membrane was damage in the presence of OMetOx-DDA. Scale bar, 2 µm. 
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The action of OMetOx-DDA was observed immediately at the microscope just after the contact 
with the cells. SR-SIM images supports the theory that OMetOx-DDA acts in the membrane of 
S. aureus cells by disrupting it through a carpeting mechanism. 
 
6.5. Conclusions 
Experiments comprising dye encapsulation in S. aureus model membranes, LUVs, in association 
with the direct visualization of cells at the microscope represent a good method to disclosure 
oligomers mechanism of action. 
Carboxyfluorescein leakage from LUVs allows to quantitatively measure if LUVs permeability 
is being affected in the presence of the oligomers. On the other hand, burst or sequential leaching 
of fluorescence dyes with different molecular weights by wide-field microscopy, gives further 
information about how oligomers act in bacterial cells. Results showed that OMetOx-DDA and 
OEtOx-DDA act, most likely, by a carpeting mechanism while OBisOx-DDA and LPEI seem to 
act by a pore formation mechanism.  
Additionally, OMetOx-DDA showed to affect cell viability as it permeabilized S. aureus 
membrane to propidium iodide, without altering cells normal shape. Also, by fluorescent 
microscopy using SR-SIM, it was possible to observe that S. aureus cell wall seemed intact in the 
presence of OMetOx-DDA whereas the membrane was damaged.   
Further work is required, namely by performing wide-field microscopy to visualize cell viability 
and by SR-SIM to assess the cell wall and membrane integrity for OEtOx-DDA, OBisOx-DDA 
and LPEI. Additionally, assays using different molecular weight fluorescent dyes co-encapsulated 
inside LUVs could elucidate the size of the pore formed in the presence of OBisOx-DDA and 
LPEI oligomers.     
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Microbial infection remains one of the most serious problems in different areas, particularly in 
medical devices and hospital equipment, drugs, health care and hygienic applications, water 
purification systems and food packaging. In the last years, academic research and industry have 
focused in the study of alternative antimicrobial agents to improve materials quality and safety 
and also on the development of more green and sustainable processes. 
As this PhD thesis was developed in the framework of a Sustainable Chemistry doctoral program, 
some green chemistry principles186 were followed: 
- Prevention: by the use of supercritical carbon dioxide the formation of waste is prevented. 
Unreacted monomer and initiator can be recovered and extensive purification steps in the end of 
the reactions are avoided; 
- Less Hazardous Chemical Syntheses: the synthesized antimicrobial oligomers are biocompatible 
and do not represent toxicity to human health and to the environment; 
- Safer Solvents and Auxiliaries: by the use of supercritical carbon dioxide and plasma 
technology, the use of hazardous solvents is avoided. Carbon dioxide is a gas at atmospheric 
conditions and, therefore, the final products can be easily obtained without any traces of solvent 
and plasma technology is known to be a solvent free technique; 
- Reduce Derivatives: both oligomerization reactions and surface grafting of oxazoline-based 
oligomers were performed without the use of derivatization steps; 
- Design for Degradation: platforms of a natural product, chitosan, were used in order to minimize 
the formation of toxic byproducts after degradation. 
The above mentioned green chemistry principles were used as decision tools since the conceptual 
design of this work: i) selecting less toxic solvents and natural materials, ii) choosing the strategy 
to synthesize the oligomers, and iii) the route to confer antimicrobial activity to platforms; until 
the application of the antimicrobial platforms for water treatment.  
Polymers or oligomers are extremely versatile molecules. Their properties, like functional groups, 
molecular weight, biocompatibility, efficiency, selectivity and lifetime, can be easily tuned. 
Therefore, research developed within this topic is very challenging. In this work, it was 
successfully synthesized a library of 2-oxazoline-based oligomers in supercritical carbon dioxide 
(scCO2), a class of compound known for its biocompatibility. Type of monomer, end-capping 
molecule and oligomer architecture was varied and their impact on the antimicrobial activity was 
assessed. Oligomers with low minimum inhibitory concentrations (MIC), fast killing rates, broad-
spectrum activity and low cytotoxicity were selected as the most promising oligomers for 
antimicrobial applications. 
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3D porous scaffolds are known for the well organized and interconnected porous network which 
provides a material with high surface area. Scaffolds have been prepared, so far, mainly by 
conventional synthetic procedures and scaffolds functionalization strategies employed until today 
required several steps, use of organic solvents and, therefore, extensive purification steps in the 
end. In order to obtain a scaffold with unique antimicrobial properties and to minimize the impact 
of its production in the environment, surface modification by plasma technology was combined 
with oligomerization in supercritical carbon dioxide. Plasma technology, known as a solvent free 
technique, has demonstrated to be an alternative and powerful strategy to compete with the 
traditional organic functionalization routes. By this green route it was produced a scaffold with 
brief times of contact (3 minutes) that was able to kill > 99.999 % of E. coli and S. aureus cells 
without promoting, at the same time, bacterial adhesion to the material. Additionally, this scaffold 
was tested for its ability to purify water using two different environmental water samples and 
revealed to be able to efficiently kill bacteria within minutes of contact without leaching to the 
water and can be reused for 10 cycles.  
Although these are encouraging results, more studies have to be done and industries have also to 
change their mentalities before this strategy can reach a commercial application. Future work 
involves the characterization of biocompatibility against other cell lines (mainly against red blood 
cells), the development of materials with different antimicrobial OOXs surface density and the 
further elucidation and characterization of oligomers mode of action. Also, it would be interesting 
to immobilize antimicrobial OOXs into completely different 3D materials, namely medical 
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Chapter 2 - Oxazoline-Based Antimicrobial Oligomers: Synthesis by CROP 
Using Supercritical CO2 
Oligomers synthetic procedure 
Synthesis of Living Oligo(2-oxazoline)s. The polymerizations were carried out in a stainless-
steel reactor equipped with two aligned sapphire windows stamped in both tops with Teflon o-
rings. Four different 2-substituted oxazoline monomers were studied (MeOX, EtOx, PhOx and 
BisOx) and boron trifluoride etherate (BF3.Et2O) was used as the initiator. The monomer/initiator 
ratio used to each polymerization was, respectively: [M]/[I]=15 (MetOx), [M]/[I]=12 (EtOx), 
[M]/[I]=10 (PhOx)  and [M]/[I]=7.5 (BisOx), according to literature.23 
The reactor cell was charged with the monomer, the initiator, a magnetic stirring bar, and then 
immersed in a thermostatized bath. For polymerizations performed at 60 ºC a water bath was 
used, for higher temperatures an oil bath was used. Carbon dioxide was introduced in the reactor 
in order to achieve the desired reaction pressure (from 16 to 20 MPa). After 20 hours of reaction, 
the pressure was slowly released and the reactor led to reach room temperature. Inside the reactor, 
and depending on the adopted conditions of temperature and pressure, a viscous foam or a solid 
was obtained.  
 
End-capping of Living Oligo(2-oxazoline)s. At the end of the polymerization the living 
oligomers were end-capped with water or tertiary amines. The functionalization was achieved by 
the addition of a tenfold excess of the terminating agent relatively to the initiator. The mixture 
was kept at 70 ºC (or 90 ºC in the case of PhOx) under stirring for 24 hours. Powder oligomers 
were washed with diethyl ether and dried under vacuum. Oily oligomers were purified by 
extraction with diethyl ether and water, and the pure oligomer recovered from the aqueous phase 
after drying. Since these oligomers are soluble in water the final purification step (extraction with 
diethyl ether) can be replaced by dialysis. 
 
Preparation of Linear Oligo(ethylenimine) Hydrochloride. Polyoxazoline 4a was submitted 
to hydrolysis in a 5M HCl aqueous solution under reflux for 9 hours.50 After this period the 
polymer precipitated as the hydrochloride salt. The mixture was then filtered off, washed with 
acetone and dried under vacuum and 6 obtained as a white solid.  
 








Yellow oil. Water soluble. Yield: 43 %. IR (NaCl) máx (cm-1): 3460 (OH), 1735 (NCO2), 1634 
(NCOMe). 1H-NMR (400 MHz, CDCl3):  - 2.14 (bs, 3H, H-2), 3.45 (bs, 4H, H-1). 13C-NMR 
(100 MHz, CDCl3):   - 20.54, 46.44, 104.85, 173.31. MALDI-TOF: Mn = 840 g.mol-1.  
 




Orange oil. Water soluble. Yield: 70 %. IR (NaCl) máx (cm-1): 3418 (OH), 1738 (NCO2), 1626 
(NCOEt). 1H-NMR (400 MHz, CDCl3):   - 1.08 (bs, 3H, H-3), 2.37 (bs, 2H, H-2), 3.41 (bs, 4H, 
H-1). 13C-NMR (100 MHz, CDCl3):   - 9.40, 25.89, 44.16, 45.41, 46.46, 46.91, 174.07, 174.73. 
MALDI-TOF: Mn = 733 g.mol-1.  
 




Orange oil. Yield: 99 %. IR (NaCl) máx (cm-1): 3368 (OH), 1714 (NCO2), 1644 (NCOPh). 1H-
NMR (400 MHz, CDCl3):   - 3.44-3.49 (bs, 4H, H-1), 7.03-7.29 (bs, 5H, H-2). 13C-NMR (100 
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Yellow solid. Water soluble. Hygroscopic. Yield: 68 %. FTIR (KBr) máx (cm-1): 1738 (NCO2), 
1634 (NCOMe). 1H-NMR (400 MHz, CDCl3):   - 0.87 (t, 3H, J= 6.3 Hz, H-3), 1.24 (bs, 16H, H-
4), 1.71 (bs, 2H, H-5), 2.13 (bs, 3H, H-2), 3.01 (t, 2H, J= 8.0 Hz, H-6), 3.15 (bs, 2H, H-7), 3.44 
(bs, 10H, overlapped signals, H-1 + H-8). 13C-NMR (100 MHz, CDCl3):   - 14.10, 21.15, 22.65, 
24.48, 26.44, 29.80, 29.35, 29.56, 31.86, 43.49, 44.95, 47.05, 47.84, 58.63, 170.88, 171.62. Mn = 
1237 g.mol-1 (n= 12) by NMR. MALDI-TOF (after hydrolysis): Mn = 505 g.mol-1.  
 





Yellow solid. Water soluble. Hygroscopic. Yield: 66 %. FTIR (KBr) máx (cm-1): 1731 (NCO2), 
1636 (NCOMe). 1H-NMR (400 MHz, (CD3)2SO):   - 0.85 (t, 6H, t, J= 6.68 Hz, H-3), 1.26 (bs, 
16H, H-4), 1.54 (bs, 4H, H-5), 1.98 (bs, 3H, H-2), 2.88 (t, 4H, J= 7.6 Hz, H-6), 3.07 (s, 4H, H-7), 
3.34 (bs, 7H, overlapped signals, H-1 + H-8). 13C-NMR (100 MHz, (CD3)2SO):   - 13.94, 20.84, 
22.04, 23.76, 26.01, 28.46, 31.15, 42.85, 44.10, 46.01, 46.72, 55.26, 170.19. Mn = 1279 g.mol-1 
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Yellow solid. Water soluble. Hygroscopic. Yield: 61 %. FTIR (KBr) máx (cm-1): 1738 (NCO2), 
1637 (NCOEt). 1H-NMR (400 MHz, CDCl3):   - 0.85 (t, 3H, J= 6.6 Hz, H-4), 1.08 (bs, 3H, H-
3), 1.22 (bs, 16H, H-4), 1.70 (bs, 2H, H-5), 2.27-2.38 (bs, 2H, H-6), 3.04 (t, 2H, J= 7.5 Hz, H-7), 
3.14 (bs, 2H, H-8), 3.42 (bs, 10H, overlapped signals, H-1 + H-9). 13C-NMR (100 MHz, CDCl3): 
  - 9.30, 9.42, 14.04, 22.59, 24.34, 25.87, 26.33, 27.03, 29.02, 29.29, 29.40, 29.50, 31.81, 43.45, 
45.32, 45.77, 46.93, 58.59, 174.00, 174.72. Mn = 1504 g.mol-1 (n= 13) by NMR. MALDI-TOF: 
Mn = 897 g.mol-1.  
  





Yellow solid. Water soluble. Hygroscopic. Yield: 66 %. FTIR (KBr) máx (cm-1): 1741 (NCO2), 
1634 (NCOEt). 1H-NMR (400 MHz, (CD3)2SO):   - 0.85 (t, 6H, J= 6.68 Hz, H-4), 1.03 (bs, 3H, 
H-3) 1.26 (bs, 16H, H-5), 1.56 (bs, 4H, H-6), 2.30 (bs, 4H, H-2), 2.95 (t, 4H, J= 7.6 Hz, H-7), 
3.07 (bs, 7H, overlapped signals, H-8 + H-9), 3.34 (bs, 4H, H-1). 13C-NMR (100 MHz, 
(CD3)2SO):   - 9.42, 13.94, 22.05, 23.52, 24.97, 25.96, 28.46, 31.16, 42.84, 44.45, 45.89, 55.13, 
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White solid.  Water soluble. Yield: 79 %. FTIR (KBr) máx (cm-1): 1718 (NCO2), 1631 (NCOEt). 
1H-NMR (400 MHz, CDCl3):   - 1.11 (bs, 3H, H-3), 2.29-2.41 (bs, 2H, H-2), 2.82 (s, 12H, H-4), 
3.46 (bs, 4H, H-1). 13C-NMR (100 MHz, CDCl3):   - 9.44, 25.91, 29.40, 29.66, 30.89, 43.65, 
45.24, 46.88, 52.76, 173.93 , 174.61. Mn = 1304 g.mol-1 (n= 12) by NMR. MALDI-TOF: Mn = 
1080 g.mol-1.  
 





Orange oil. Water soluble. Yield: 86 %. FTIR (NaCl) máx (cm-1): 1726 (NCO2), 1657 (NCOEt). 
1H-NMR (400 MHz, CDCl3):   - 0.83-1.29 (m, 6H, H-4), 1.09 (bs, 3H, H-3), 1.63-2.01 (m, 4H, 
H-5), 2.25-2.40 (bs, 2H, H-2), 2.58 (s, 3H, H-7), 2.70 (s, 1H, H-6), 3.43 (bs, 4H, H-1). 13C-NMR 
(100 MHz, CDCl3):   - 9.30, 9.42, 14.04, 22.59, 24.34, 25.87, 26.33, 27.03, 29.02, 29.29, 29.40, 
29.50, 31.81, 43.45, 45.32, 45.77, 46.93, 174.00, 174.72. Mn = 809 g.mol-1 (n= 7) by NMR.  
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Orange oil. Water soluble. Yield: 85 %. FTIR (NaCl) máx (cm-1): 1743 (NCO2), 1620 (NCOEt). 
1H-NMR (400 MHz, CDCl3):   - 1.07 (bs, 3H, H-3), 2.25-2.35 (bs, 2H, H-2), 3.41 (bs, 4H, H-1), 
3.69 (s, 3H, H-4), 6.89 (bs, 1H, H-7), 7.04 (bs, 1H, H-6), 7.55 (s, 1H, H-5). 13C-NMR (100 MHz, 
CDCl3):   - 9.37, 25.85, 33.48, 42.28, 43.71, 45.31, 120.30, 128.31, 137.54, 173.93, 174.61. Mn 
= 778 g.mol-1 (n= 7) by NMR. MALDI-TOF: Mn = 860 g.mol-1.  
 





Orange solid. Yield: 99 %. FTIR (KBr) máx (cm-1): 1717 (NCO2), 1634 (NCOPh). 1H-NMR (400 
MHz, CDCl3):   - 0.87 (t, 3H, J= 6.3 Hz, H-3), 1.24 (s, 16H, H-4), 1.55 (bs, 2H, H-5), 3.06 (bs, 
2H, H-6), 3.10 (bs, 2H, H-7), 3.35 (bs, 10H, overlapped signals, H1 + H-8), 7.08-7.35 (bs, 5H, 
H-2). 13C-NMR (100 MHz, CDCl3):   - 14.06, 22.63, 25.50, 26.73, 29.27, 29.39, 29.55, 31.85, 
44.11, 126.29, 126.93, 128.64, 129.60, 171.74. Mn = 1097 g.mol-1 (n= 6) by NMR.  
 






Orange solid. Yield: 88 %. FTIR (KBr) máx (cm-1): 1726 (NCO2), 1630 (NCOPh). 1H-NMR (400 
MHz, CDCl3):   - 0.87 (t, 3H, J= 6.88 Hz, H-3), 1.25 (bs, 16H, H-4), 1.69 (bs, 4H, H-5), 2.99 
(bs, 11H, overlapped signals, H-6 + H-7 + H-8), 2.99-3.53 (bs, 4H, H-1), 7.08-7.33 (bs, 5H, H-































  Supporting Information 
145 
 
125.55, 126.34, 127.19, 127.85, 128.67, 129.48, 135.57, 172.13. Mn = 1287 g.mol-1 (n= 7) by 
NMR.  
 
Oligo(2-bisoxazoline) End-capped with Water (4a).  
Brown solid. Yield: 67 %. FTIR (KBr) máx (cm-1): 1737 (NCO2), 1636 (NCOCH2). 
 







Brown solid. Water soluble. Yield: 67 %. FTIR (KBr) máx (cm-1): 1744 (NCO2), 1652 (NCOCH2). 
1H-NMR (400 MHz, CD3OD):   - 0.89 (t, 3H, J= 6.2 Hz, H-2), 1.29-1.37 (bs, 16H, H-3), 1.62 
(bs, 4H, H-9), 1.70 (bs, 2H, H-4), 2.22 (bs, 4H, H-8), 3.02 (bs, 2H, H-5), 3.07-3.11 (bs, 2H, H-6), 
3.26-3.30 (bs, 14H, signals overlapped with the solvent, H-1 + H-7). 13C-NMR (100 MHz, 
CD3OD):   - 14.41, 17.08, 23.71, 26.63, 27.42, 30.18, 30.45, 30.47, 30.61, 30.71, 33.04, 36.66, 
42.80, 42.93, 43.43, 61.60, 176.18. Mn = 812 g.mol-1 (n= 3) by NMR. MALDI-TOF: Mn = 459 
g.mol-1. 
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White solid. Water soluble. Yield: 74 %. FTIR (KBr) máx (cm-1): 3420 (NH). 1H-NMR (400 
MHz, D2O):   - 3.48 (s, 4H, H-1). 13C-NMR (100 MHz, D2O):   - 43.83. MALDI-TOF: Mn = 
491 g.mol-1 (n= 11). 
 
GPC values obtained for oligomers are not shown here due to discrepancies in the values for Mn 
and Mw for polymers when compared to data obtained through MALDI and NMR, techniques that 
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Chapter 3 - Blue emission of carbamic acid oligooxazoline biotags 
High-Pressure Sapphire Cylindrical Cell (HPSCC). The core of the high pressure cell is a 
sapphire tube with the following dimensions: height, 4.5 cm; internal diameter, 1.9 cm; external 
diameter, 3.2 cm. The internal diameter of the sapphire tube was chosen in order to maximize the 
optical path obeying the safety requirements and space available in the equipment’s sample 
compartments. The sapphire tube is contained in a stainless steel cylindrical support where the 
holes for optical measurements were opened. The fluid under pressure is confined inside the 
sapphire tube which ends are sealed by a process identical to that developed by one of us (A.A.R.) 
for a similar cell used in vapor-liquid equilibrium studies.188 It consists of a Teflon seal extruded 
against the sapphire tube by means of two metal pieces tightened one against the other. The cell 
was designed for working pressures lower than 50 MPa and temperatures under 120 ºC. The 
sample inside the sapphire tube can be stirred via a small Teflon coated magnetic stirring bar and 
magnetic stirrer near the bottom of the steel mantle. The stainless steel cover contains openings 
for the inlet valve, thermocouple and circulating thermostating fluid. The temperature of the cell 
is measured with a thermocouple T Probe, (Omega, U.S.A.) and controlled by a circulating 
cryostat F25-HD (Julabo Labortechnik, Seelbach, Germany) that ensures a constant water flow 
around the sapphire tube. Since the steel cylinder is essentially a pipe sleeve for thermostating 
fluid circulation, windows can be freely opened in the lateral wall as far as the axis rigidity is not 
compromised. Four windows were opened at right angles adequate for transmission 
measurements and light scattering or luminescence in 90º geometry, and closed with fused silica 
circular optical windows (Oriel Instruments, Stratford, U.S.A.) of 12.7 and 25.4 mm diameter and 
3.2 mm thickness. The HPSCC is schematically represented in Figure S3.1 and it is also shown a 
photograph of the cell during an experiment showing the several connections and pipes. 





Figure S3.1 - High-pressure sapphire cylindrical cell. (A) schematic of high-pressure assembly: (1) CO2 
cylinder; (2) molecular sieves; (3) hand pump; (4) check-valve; (5) vacuum pump; (6) syringe; (7) loop; 
(8) thermostated bath; (9) High-pressure spectroscopic cylindrical cell; (10) sample compartment; (P) 
pressure sensor; (T) thermocouple. (B) Horizontal and (C) vertical cross sections of the high-pressure 
sapphire cylindrical cell for supercritical solutions. (D) Photo showing the cells and the connected pipes. 
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Chapter 5 - Antimicrobial contact-active oligo(2-oxazoline)s-grafted surfaces for 
fast water disinfection at the point-of-use 
 Scaffolds characterization. Scaffolds surface elemental composition was analyzed by X-ray 
photoelectron spectroscopy (XPS) technique. Firstly, the efficiency of 2-isopropenyl-2-oxazoline 
grafting was studied after different times of CHT surface plasma activation: 10, 20 and 30 min. 
Figure S5.1 shows the XPS regions N 1s and C 1s before and after activation. Table S5.1 shows 




Figure S5.1 -  N 1s and C 1s XPS regions of CHT before and after activation for 10, 20 and 30 minutes. 
 
 
XPS N 1s regions shown in Figure S2 were composed by two peaks centred at 399.6 ± 0.1 eV 
(N1) and 402.0± 0.4 eV (N2). In CHT native scaffold, N1 was attributed to NH2 and N-C=O (of 
acetylated groups (75–85 % deacetylated) and N2 to protonated nitrogen, respectively. After 
interaction of chitosan with IsoOx, the N1/N2 atomic ratios increased from ~2 to ~11 for all the 
activation times and also N/O increases (Table S1), showing that the activation was successful. 
The C 1s peak assigned to N-C=O, existing in both the chitosan and in the oxazoline but in larger 
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interaction. The C 1s peak attributed to C-O and C-N (centred around 286.3 eV) decreased, while 
the aliphatic carbon peak increased, after 10 minutes of activation, but they both remained nearly 
constant with time. This is compatible with a reaction between oxazoline and chitosan C-OH and 
C-NH2 groups. In CHT it is expected that the peak corresponding to C-OH and C-NH2 dominates 
the C 1s region.  
 
Table S5.1. BE (eV), [At. Conc.] (%), atomic ratios and assignments.162 
 CHT CHT + IsoOx  
Time (min)  10 20 30  
C 1s 285.0 [37.1] 285.0 [47.7] 285.0 [47.4] 285.0 [47.0] sp3 
 286.5 [24.4] 286.2 [16.9] 286.3 [16.0] 286.4 [16.0] 
C-N and C-
O 
 288.4 [5.1] 288.2 [5.6] 288.2 [6.8] 288.3 [5.9] N-C=O 
O 1s 530.2 [3.4] 531.5 [11.2] 531.4 [11.5] 531.2 [7.9] C=O 
 532.6 [25.0] 532.6 [10.3] 532.6 [10.2] 532.5 [15.2] C-O 
N 1s 399.5 [3.4] 399.6 [7.5] 399.5 [7.4] 399.5 [7.4] 
N-C=O, 
NH2 
 401.7 [1.6] 402.4 [0.7] 401.7 [0.8] 402.4 [0.6] N+ 
N1/N2 2.2 10.3 9.2 13.0  
N/O 0.18 0.39 0.38 0.34  
C3/N1 1.5 0.7 0.9 0.8  
O/C 0.43 0.31 0.31 0.34  
N/C 0.08 0.12 0.12 0.12  
 
 
Purification of contaminated water from environmental samples.  Reduction of 
microbiological viability can be influenced by several parameters as pH, hardness and dissolved 
salts as well as the variety of bacterial species present in the water samples. The physico-chemical 
characterization of collected waters was performed in order to assess the main differences 
between both samples.  
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Table S5.2. Physico-chemical characterization of collected waters. 
Parameter Well Dam Method 
pH (22-25 ºC) 6.72 7.91 SMEWW 4500 H+ 
Conductivity (µS/cm) 512 27.6 NP EN 27888:1996 
Turbidity (NTU) 0.3 14 ISO 7027:1999 
Total alkalinity (mg(CaCO3)/L) 91.8 27.6 SMEWW 2320 
Hardness (mg(CaCO3)/L) 131 50 SMEWW 2340 B 
Calcium (mg/L) 21 7.8 EPA 300.7:1986 
Magnesium (mg/L) 19 7.4 EPA 300.7:1986 
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